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ABSTRACT

In recent time nanoscale materials such as carbon nanotubes, metal and semiconducting
nanowires, nanoparticles, fullerenes, nanodots were thoroughly investigated in many aspects of
their properties. However, the technology of integration of many individual nanoobjects into
functional devices is in early development stage. Nanotechnology proposes utilization of
nanowires and it self-assembled architectures for electrical addressing of individual nanoobjects.

In this PhD work Ge nanowire ordered arrays synthesized inside porous anodized
aluminum oxide (AAO) and DNA molecule architectures are investigated as well as their
application possibilities.

Ge nanowires inside AAO membranes are found to be well ordered. The packing density of
nanowires 50 and 100 nm in diameter inside AAO matrix is established to be 1.4-10'° and 9.10°
cm? respectively. Contact problem of nanowire / electrode is investigated and contact
optimization procedure is found. Electro conductivity of individual germanium nanowires within
AAO is studied and compared with averaged conductivity over large amount of nanowires in
array. Nearly all nanowires inside membrane are found to be electroconductive and exhibit
intrinsic conductivity. Photoconductivity and photodynamics of Ge nanowire arrays inside AAO
are investigated. Photoconductive properties are analyzed and ultra high resolution photosensitive
matrix based on nanowire array inside AAO is proposed.

Electroconductivity of nanoparticle (Au) catalyst synthesized free Si and Ge nanowires is
studied and nanowire / electrode contact area is simultaneously visualized. Electroconductivity of
free nanowires is compared with electroconductivity of AAO template synthesized nanowires and
it is found that in the first case it is much higher (10>-10* times) due to doping with Au atoms of
catalyst nanoparticles. Nanoelectromechanical interactions of single semiconducting nanowires
with metal electrodes are investigated. High elasticity (higher than elasticity of bulk material) of
single nanowires is also demonstrated. Information on mechanical properties and acting forces
was collected and used to propose and demonstrate some principles of nanoelectromechanical
device (NEPROM memory element) based on single semiconducting nanowire.

Novel 3D DNA architecture of spatially distributed oligomer array on Au (111) surface is
researched. DNA oligomer surface density can be varied in range 10'°-10™ cm™ by changing the
DNA concentration in coating solution. Structure of oligomer array is studied and vertical
orientation of DNA molecules is proved. Viscoelastic behavior of DNA oligomers attached to
solid surface is demonstrated. Electroconductivity of individual DNA oligomers was probed
directly by conductive AFM tip and DNA oligomers found to be poor current conductors.

At the end of this work the properties of investigated materials are summarized and a
possibility to combine DNA molecules and semiconducting nanowires into functional devices is

discussed.
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CHAPTER 1

INTRODUCTION



1.1. Main problems to solve

Technical progress evolves parallel to the invention of new materials and
novel technologies. In past few decades silicon technologies provided a great advance
of microelectronics resulting in birth of super fast computers and super small
microprocessors. Nevertheless, in near future, both physical and economic constraints
are expected to limit the continued miniaturization of CMOS (Complementary Metal
Oxide Semiconductor) microelectronic devices based on current top-down photo
lithography techniques [1]. That is why new methods and concepts for creation of
integrated circuits will be required. Solution search is running on different levels and
in numerous directions. There is a great need in creation of new nanomaterials and
tailoring their characteristics for specific applications. Researchers are developing
alternative microelectronic devices based on completely new materials and non-
lithographic fabrication methods, novel device architectures and principles of its work
[2,3,4].

In recent time nanoscale materials such as carbon nanotubes, metal and
semiconducting nanowires, nanoparticles, fullerenes, nanodots were studied in many
aspects of their properties. However, the technology of integration of many individual
nanoobjects (0D or 1D nanostructures) into functional devices has not yet been
sufficiently developed. This problem consists of two parts. First one is the precise
positioning of nanoobjects. A very promising approach of solving this problem is
application of self-assembling principles when nanoobjects spontaneously assemble
into ordered 2D or 3D architectures. The second challenge arises if one would
integrate nanoobjects into an electrical circuit. At this moment the only available
technology for the permanent contacting is the electron beam lithography, which is
expensive, complicated and underproductive. Nanotechnology proposes utilization of
nanowires for electrical addressing of individual nanoobjects. Nanowires (NW) are
defined here as elongated structures of high aspect ratio with a diameter of nanometer
size (1D nanostructures). Both organic and inorganic nanowires are believed to be
components of future nanodevices [5, 6].

In this PhD work two types of nanowire materials are studied: semiconducting
nanowires (Si, Ge) and DNA molecules. Structure, electroconductive and mechanical
properties of these materials are investigated. The work is focused on three
dimensional self-assembled nanowire architectures. Ordered germanium nanowire
arrays synthesized inside porous AAO and 3D self-assembled architectures of DNA

molecules and their application possibilities are investigated in this work.



1.2. Semiconducting Nanowires

Utilization of inorganic materials will most likely continue to dominate the
electronic industry in the nearest future. In particular, Si and Ge semiconducting
nanowires are well compatible with conventional integrated circuit technology [7, 8].
Application of nanowires has a great advantage as inexpensive and nonlithographic
technology for creation of nanometer size structures. A single semiconducting
nanowire can work as an entire device as already has been demonstrated by some
researchers [9, 10, 11].

Semiconducting nanowires usually have crystalline structure, with diameter
from a few nanometers to hundreds of nanometers and length up to hundreds of
micrometers. Atoms in these crystals are covalently bonded, and thus their form
highly rigid and robust nanoobjects. Most popular method of nanowire synthesis is so
called VLS (vapor-liquid-solid) approach in combination with CVD (chemical vapor
deposition) or laser ablation [12]. The essence of the VLS method is for producing
nanowires is the nucleation and growth of the nanowires from metal catalyst
nanoparticles. An alternative approach is template assisted nanowire synthesis. Porous
templates can be filled using nanowire precursor material either by thermal
decomposition of precursor, which is fed in gaseous or liquid phase, or
electrochemically deposited [13].

Hiruma et al. working at Hitachi pioneered in nanowire research and
application during the early to mid 1990s [14]. He demonstrated application potential
of III-V group semiconductor nanowires, their good optical properties; possibility to
create pn-junctions inside nanowires, which can be utilized to produce light-emitting
diodes [15]. Various fascinating works have been performed by Lieber et al., who
proposed and demonstrated the applicability of n- and p-doped Si nanowires for
assembly of logic circuits. Lieber has also suggested and demonstrated light emitting
transistor based on p-Si/ GaN, CdS, CdSe nanowire-nanowire contacts [16].

It should be noted that most of the previously demonstrated nanowire (and
nanotube) based devices have two dimensional (2D) design. For example figure
1.2.1(a) shows nanotube based nanorelay similar to one as reported in [17]. It means,
that in spite of ultra small diameter of nanowires (down to few nanometers), the real
device dimensions are measured in micrometers and cannot help in electronic chip
miniaturization. Multilayer planar NW-based device architecture, which extends in

the third dimension, may thus enhance the device complexity. Unfortunately this



requires complicated and expensive technology. Most attractive solution is
engineering of three dimensional (3D) NW-based devices. This way a high packing
density of nanodevices can be achieved (figure 1.2.1(b)). Therefore investigation of
3D nanowire array materials is important for development of novel nanoelectronic

and nanoelectromechanical devices [1].

Figure 1.2.1. (a) - schematics of 2D design of a nanorelay; (b) - hypothetical
3D assembly of nanorelay array.

1.2.1. 3D nanowire arrays. Assembly of nanoobjects in real devices where
billions of nanocomponents are required is one of the most challenging problems in
nanotechnology. Nanoscale arrays of semiconducting nanowires in porous materials
have been widely studied as a partial solution to this problem. The ability to pack high
densities of homogeneous or complex nanowires into 3D nanowire arrays, and control
their transport properties is expected to produce a new generation of electronic
circuits and array-based nanodevices. Nanometer pores and channels in mesoporous
solids [18], polycarbonate track membranes [19] and nanochannel array glasses [20]
have been recently used as templates for nanowire formation.

Recently AAO has been in the focus of intense research as a template for
nanowire encapsulation. Porous alumina is a unique material in a number of aspects.
It is possible to prepare AAO of any size and shape by anodic oxidation of aluminium
surfaces in polyprotic aqueous media. AAO have an ordered array of hexagonal cells
with pore diameters ranging between 10 and 200 nm in diameter. Pore densities as
high as 10° to 10" cm™ have been reported with film thickness varying from 0.1 to
250 um [21, 22]. AAO is optically transparent and thermodynamically stable up to
1000 °C. The well-ordered pores in AAO offer tremendous potential as hosts for
various materials and have been attracting considerable interest as templates for
creation of nanowires [23, 24].

Most measurements on nanowire electrical properties reported in the literature

were performed on free nanowires. In particular, transport properties and contact
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problems of individual Si nanowires were studied in [25, 26]. Dai et al. has
investigated the effects of surface states in operation of Ge nanowire-based FETs
[27]. Korgel et al. has been working on synthesis and electrical contacts of Ge
nanowires grown using a supercritical fluid-liquid-solid mechanism [28]. However,
there is little data on electrical characterization of semiconducting nanowire arrays
inside AAO [29] and to our knowledge no data on germanium nanowire arrays.
Elaboration of methods to contact semiconductor nanowires and contact optimization
are essential for most nanoelectronic devices.

A perspective field of semiconducting nanowires and nanodots application is
development of novel equipment for optoelectronics and telecommunication [30].
Investigation of photoconductivity processes in such structures provides information
necessary for creation of new devices for optical-to-electronic signal conversion.
Most photoconductivity measurements have been performed on direct gap materials
such as InP [31], ZnO [32], SnO; [33], CdSe [34] and GaN [35] nanowires. Although
these materials offer superior photoconductivity properties in comparison to elemental
semiconductors (Si and Ge), their integration into functional devices is predicted well
into the future [1]. Optical studies on elemental semiconducting nanowires have
focused primarily on the confinement effects using photoluminescence measurements
[36, 37]. Recently however, Park et al. initiated photoconductivity measurements on
indirect gap semiconducting nanowire systems by performing optical scanning
measurements on photocurrent in individual Si nanowire FETs [38]. There have been
no studies on photoconductivity of elemental nanowire arrays until now.

In first part of this work (chapter 3) Ge nanowire arrays inside AAO were
studied. Primary task was to prove that nanowires are electroconductive and possess
semiconducting properties. Second task was to investigate the photoconductive
properties of nanowire arrays.

1.2.2. Individual nanowires. Most of the earlier performed -electrical
characterization studies were done on free nanowires created by VLS synthesis
method. The second part of this work (chapter 4) concentrates mainly on investigation
of electroconductive properties of Ge and Si nanowires grown on metal catalyst
nanoparticles by VLS method. Properties of these Ge nanowires are compared to
AAO template synthesized Ge nanowires.

Additional aim in this study was research of nanowire force interactions with
metal electrodes. Traditionally, mechanical devices are considered to be slow.

However, utilizing nanoscale structures for mechanical devices could achieve GHz or



THz resonance frequencies making NEMS faster than current electronic devices [39].
There were few studies before on the force interactions of nanotubes [40] and no
studies on the force interactions of nanowires with electrical contacts. Such studies
provide important parameters for development of nanoelectromechanical systems
(NEMS). To date, researchers have focused on use of carbon nanotubes as building
blocks for the construction of NEMS due to their mechanical strength [17, 41].
Semiconductor nanowires, such as Si or Ge, however, offer the distinct advantage
over carbon nanotubes in that their sizes and electronic properties can be controlled in
a predictable manner during their synthesis.

It was also shown in this work how the semiconductor nanowire can be
utilized in the construction of a nanoelectromechanical programmable read-only
memory (NEMPROM) device. Detailed information about both electroconductivity
and mechanical properties of nanowires is important for the development of 3D

integrated NEMS, which can be utilized for high density memory engineering.

1.3. DNA arrays

DNA or deoxyribonucleic acid is a famous molecule of Life. In nature it is
used to encode genetic information. DNA consists of two chains of chemical units
called nucleotides. A nucleotide consists of a base, either a purine or pyrimidine, to
which sugar phosphate group attached. The bases in DNA are of four different types:
adenine and guanine (purines) and thymine and cytosine (pyrimidines). The two
nucleotide chains are attached to each other by hydrogen bonding between specific
purine base on one strand and a specific pyrimidine base on the other strand. In DNA,
adenine binds to thymine and guanine to cytosine. This is called a base pair
arrangement. Thus adenine on one strand is complementary to thymine on the other
strand and guanine on one strand is complementary to cytosine on the other strand.
Double stranded DNA exists in cell in the form of a helix. DNA diameter is about 2
nm and 10 nucleotides have length 3.4 nm. As a polymer DNA molecule may have
infinite length [42].

In nature, self-assembly processes are one of the main driving forces for the
bottom-up creation of complex biological structures. Self-assembly is one of the basic
concepts of nanotechnology and many mechanisms are borrowed from Nature. In
particular, the self-organization of nanometer-scale building blocks by biomolecular
recognition provides universal approach to the synthesis of structured architectures on
multiple length scales [43, 44]. Spontaneous assembly and selective encoding of such
nanostructured components has been achieved with streptavidin/biotin binding [45]
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and antibody/antigen matching [46]. However, to date, oligonucleotide base pairing is
the most thoroughly studied encoding system [47] and DNA is proposed as an
important tool for nanomaterials engineering [48]. Most studies have used DNA
duplex formation via complementary recognition to assemble networks of spherical
nanoparticles with identical physical properties (metallic, magnetic, semiconducting)
or alternatively to anchor these nanoparticles to macroscopic substrates.

DNA molecules are much more flexible in comparison with semiconducting
nanowires, they may be easily bended and used as wires for connection of
semiconducting nanowires (or other nanocomponents) into nanodevices. Hypothetic
schemes of nanocomponents assembling and connection using 3D DNA architectures

are shown at figure 1.3.1.

DNA molecules ] anocomponents DNA molecules

Figure 1.3.1. Hypothetic application of DNA molecules for programmable
assembling of nanocomponents on solid surface (a); for electrical connection of
nanocomponents into electrical circuits (b).

Self-assembled monolayers of DNA with controlled spatial distribution on
surfaces may have many applications. Arrays of DNA at surfaces are most familiar as
tools for functional genomics in the form of DNA chips. Another potential application
is use of DNA arrays as foundation templates for the construction of nanostructured
materials via programmed self-assembly, where variable spatial distribution is
absolutely critical to obtain desirable allocation of nanoobjects. Learning how to
control the formation of 2D and 3D assemblies, i.e. combining molecular scale
building blocks into well-defined meso- and macroscopic structures, is the essence of
nanotechnology and materials chemistry.

Third part of this study (chapter 5) was performed on spatially distributed 3D
DNA oligomer arrays attached to gold surface. First aim of this topic was to
investigate structure of created DNA architecture and distribution of individual
molecules. Second aim was to probe electroconductivity of DNA oligomers and test

the hypothesis of DNA molecule metallic conductivity. In recent literature [49, 50]
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there has been considerable debate regarding whether DNA behave as a "molecular
wire" and mediate vectorial transfer and/or transport of electrons via a m-stack of the
basepairs or not. A number of conflicting studies on direct conductivity measurements
have been reported, as well as variety of theoretical models. It should be noted, that
densely coated DNA monolayers on the surface have been described, for example in
[51]. The spatially distributed DNA arrays are specially designed for conductive
probe AFM measurements, then the AFM tip statistically contacts only single DNA

molecule.

1.4. Layout

The promotion work is prefaced with the abstract, list of publications and
conferences, where the main results were presented. The work is organized into the
following chapters:

- Chapter 1, “Introduction”, where the short historical review is given and the
importance of chosen theme is argued;

- Chapter 2, “SPM principles”, introduces some basic information about used
instruments;

- Chapter 3,“Ge nanowire arrays inside AAO” presents the first part of my
study, where electroconductive and photoconductive properties of template
synthesized nanowires are described;

- Chapter 4, “Nanoparticle catalyst synthesized free Ge and Si nanowires”,
presents the second part, where electroconductive and mechanical properties
of nanoparticle catalyst synthesized free nanowires are revealed;

- Chapter 5, “3D DNA arrays on Au(111)”, is the third part of the study, where
structure of this DNA architecture is described and electroconductivity of
DNA oligomers probed;

- Chapter 6, “Possible applications”, where utilization of Ge nanowires and
DNA molecules discussed;

- Chapter 7, “Conclusions and Thesis”, summarizes the work;

- Chapter 8, “References”, where bibliography is given.

Work is appended with copies of the included papers. The promotion work

contains 62 pages, 54 figures, 4 tables and 89 references.



CHAPTER 2

SPM PRINCIPLES



SPM is a common name for a family of related techniques, such as STM
(Scanning Tunneling Microscope), AFM (Atomic Force Microscope or Scanning
Force Microscope), SNOM (Scanning Near field Optical Microscope), TEM-STM

(STM combined with Transmission Electron Microscope) and others.

2.1. STM principles
STM principle is illustrated by figure 2.1.1. STM probe is a sharp metal tip.

STM sample should be electrically conductive also. Voltage is applied between
sample and tip. Current is an operating signal in STM. It grows exponentially with
decreasing tip-sample distance. The tunneling current starts to flow when the tip is
approached to the surface at distance of several angstroms. Feedback system is
keeping the current and tip-sample distance constant. When tip starts to scan the
surface, it follows the surface topography. Any topographical feature on the surface
causes the change of the tunneling current. The feedback system tries to readjust the
tip position to keep tunneling current constant. System sends compensative voltage to
Z-electrode of piezoscanner (read more about piezoscanner in 2.4.2 section) to
recover the nominal tip-sample separation. At proper feedback parameters tip never
touches the sample surface. Piezoscanner deformation is proportional to applied
voltage. At each point of scanning area in X,Y plane the voltage to Z piezo electrode
is recorded and thus 3D surface topology can be reconstructed. This description

corresponds to constant current regime.

Volatage source

Metal tip

I
[
7 Current

\ | measuring
Sample | | system

1

i
R | FB
]

e Feedback
to Z electrode system

Image

Piezo scanner

Figure 2.1.1. STM principles.



Extremely high resolution of STM technique is possible due to exponential
tunneling current dependence on the electrode separation distance. Tunneling current
changes by an order of magnitude changing distance by 1 A. The following formula
can help to understand physical interpretation of STM images [52]:

IocU-n(E.) n(E.,1,) exp(2kR), 2.1.1

where U — voltage bias, Er is the Fermi energy; the

decay rate equal to x=2m¢g)/h and ¢ is the

effective local potential barrier height, m — electron

z - ~
mass, # — Plank constant; R is the effective tip N ‘f/ Y
radius, and 7y is the center of the curvature of the 2 ’
o
tip (see figure 2.1.2); n(Er) is the density of states R

at the Fermi level for the tip; ny(Er rg) is the N

surface local density of states at the Fermi level Ex 777777

evaluated at the center of the curvature 7 of the tip. Figure 2.1.2. Schematic picture of

Thus the STM images obtained at low bias in the tunneling geometry [52].

constant current mode therefore represent contour

maps of constant surface LDOS at Er evaluated at the center of curvature of the tip.
The electron wave function decay exponentially in the z direction normal to

the surface towards the vacuum region, thus [52]:

n,(E,,r,) o exp[-2&(s + R)], 2.12

where s is the distance between the sample surface and the end of the tip. Therefore,
the tunneling current is exponentially dependent on the distance between tip and

sample / ~ exp(-xs), as it was already mentioned above.

2.2. AFM principles

AFM is based on force interaction between a tip and a sample. It is known that
repulsive atomic force dominates at small distances and attractive force at large
distances. AFM can be operated in repulsive, attractive, and in mixed regimes.
Corresponding modes are called the contact mode, the non-contact mode and the
taping mode.

Figure 2.2.1 demonstrates AFM work principle. Probe is a microscopic
cantilever with a sharp tip at its end. Laser beam falls onto the end of cantilever and
reflects to two- or four segment photodetector. When the tip touches the sample
surface, cantilever bends and reflected laser beam displaces. The laser displacement is

registered by photodetector and is used as operating signal. Feedback system keeps
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cantilever bending constant (bending is linearly proportional to applied force).
Scanning procedures are similar as in STM. This setup corresponds to contact mode
regime. In tapping and non-contact modes the cantilever is oscillating with kHz
frequency. The cantilever oscillation amplitude decreases at increasing tip-sample

interaction and used as a operating signal.

2 segment Laser

photodetector

Laser beam

Image

AFM chip

/

Cantilever
Feedback

system
Sample

to Z electrode

Piezo scanner

Figure 2.2.1. AFM principles.

AFM is more universal than STM. AFM does not need electroconductive
sample. It works as good on metal surfaces as on insulating one. However we can use
conductive tips in AFM case, apply some voltage between sample and tip (as in STM
case) and measure the passing current as an additional channel. This technique often
is called C-AFM or conductive AFM. If we use four segment photodetector, then
lateral or friction force can also be detected. Application example of simultaneous
detection of topography, conductivity and friction force will be shown in next chapter.

Tip-sample interaction force consist of two components [52]. The first,
denoted as F),,, originates from the Coulomb repulsion between the ion cores, and the
second, denoted as F;, is due to the interaction of valence electrons with the ion cores
(figure 2.2.2). At small tip-surface separations, the repulsive force Fj,, is stronger and
varies more rapidly with the position of the outermost tip atom than does Fi.
Therefore, AFM operated in the repulsive contact mode is expected to be mainly
sensitive to the repulsive Coulomb interaction between the ion cores of the tip and
those of the sample surface. Thus, AFM image in contact regime represent direct
probing the position of sample surface atoms ion cores. As the tip-surface separation
is increased, F.; decays more slowly than Fj,, and Fy=Fi.ntFe changes its sign,
leading to a net attractive force. In this (noncontact) regime, the AFM would mainly
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probe the total charge density distribution of the sample surface rather than ion-ion

repulsion.

Force

Fel

Fion ok

Ftot

I Distance

Figure 2.2.2. Graphic simulating Fj,,, F; and Fy,,; dependence on distance
between two atoms. Arrow indicates equilibrium position ry of atoms nucleus.

2.3. TEM-STM principles

TEM-STM is a combination of TEM microscope and STM designed as TEM
holder. Piezoscanner of STM is used as nano manipulator in this system. Electron optics
of TEM used for visualization of investigated object, which can be -electrically
characterised and simultaneously visualised. In case of semiconducting nanowire
investigation, force interactions also can be studied. Semiconducting nanowire works as

elastic AFM cantilever and its bending can be directly visualized by TEM.

3D piezo
manipulator

nanowire

2222

metal electrode

metal electrode

TEM image

Figure 2.3.1. Principles of TEM-STM.
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2.4. SPM design and instrumentation

Scanning Probe Microscope includes mechanical part, control electronics,
computer and operating software. The mechanical part of SPM could be placed in
vacuum chamber and criocooled to achieve atomic resolution. Ambient SPM usually

are placed onto vibroisolating system.

2.4.1. Vibroisolating system

For atomic resolution mechanical vibrations level (in vertical direction) has to
be less than 0.01 A. Ordinary level of floor vibrations has amplitude about 0.1-1 pm.
Consequently, it is necessary to build a vibrations isolating system, which is able to
minimize vibrations level at least by six orders of magnitude. To minimize vibrations
constructor should take into consideration the following recommendations.
Microscope should be compact and rigid to have the resonance frequency as high as
possible (typical ~kHz). The resonance frequency of vibroisolating system, on the
contrary, should be as low as possible (~Hz). Microscope itself represents a high pass
filter, while the vibroisolating system is a low pass filter. When microscope stands on
damping platform, we have a mechanical system, which minimises vibrations of wide
spectrum (figure 2.4.1.1). Many vibroisolating systems (pneumatic, superconductive,

electromagnetic suspension and others) are available on the market.

ST™

U3
7/

Damping
table .
Combined system

Frequency

Damping
system

Response

Figure 2.4.1.1. Simplified model of an STM and a vibration-damping table.
Graphic shows the combined amplitude transfer function of the two providing a
high attenuation of vibrations over the whole spectrum [53].

2.4.2. Mechanics

STM microscope design is quite simple. It consists of a probe, piezoscanner

and coarse approach mechanism (manual approach screws and stepper motor). In
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AFM case it is necessary to have a system for registration of cantilever bending (laser
and detector).

Piezodrive (or piezoscanner) is used to move a sample respective to tip in X-Y
plane (same with sample surface plane) and in Z-direction. Maximal movement of
piezodrive in Z direction does not exceed few um, that is why a coarse approach
system is used to bring probe close to surface (in STM case distance between tip and
sample is about 10 A). Usually the coarse approach is realized by with electric stepper
motor. Final fine approach is executed by piezodrive.

Popular piezoscanner is piezoceramics in the form of hollow cylinder (figure
3.4.2.1 a). This design is compact and has high oscillating eigenvalues. External
surface of piezo ceramic cylinder is coated by four metal electrodes: +X, -X, +Y, -Y.
Internal surface is coated by one electrode — Z. Figure 2.4.2.1 b-e demonstrates
piezodrive deformations in X, Y direction according to the voltage applied to
electrodes.

Deformations can be described by the following formulas [53]:

Ax = Ay =232d, VI? [zDh, 2.4.2.1

Az=d,VL/h, 2422
where L is length of piezotube, /4 — thickness, D — diameter and V' — applied voltage.
ds; — is piezoelectric constant of material. In advanced systems movements of

piezoscanner are controlled by external sensor. It eliminates most piezoceramics

weaknesses resulting in uncertainty of tip position and image distortions.

b

a Piezo ceramics
Z electrode

C

X andY electrodes

Figure 2.4.2.1. Piezoscanner (a) and its deformations depending on
applied voltage (b-¢).
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2.4.3. Electronics
Electronic part of SPM should be designed as precise as mechanical part. The
quality of signal processing by feedback has critical significance for proper work of
microscope resulting in precise positioning of probe. Block diagram of SPM
electronics is presented at figure 2.4.3.1 [52]. The diagram corresponds to STM
configuration. In AFM case there is no “tip voltage” and “logarithmic amplifier”. The
signal is a cantilever deflection instead of tunnelling current.

1

.~ PROP

TIP POSITION ADC “ AMP

|pacs /HV J
3 4 ~._AMP

2
: e 7
/ ‘,f 7 _—
NOXHY /N Y HY S \ ZHY / < INTEG
'\AMP/ \A MP / AMP/ L AMP
/ / \ L

( / [ CURRENT ADC
| AMP ‘ L‘

PIEZO
DRIVER

SAMPLE/
HOLD

TO Z-ELECTRODE

TIP VOLTAGE .
\/ mp [ .
! PRE ™
[ | AMP
SAMPLE o
|~

Figure 2.4.3.1. Block diagram of STM control electronics.

DEMANDING
CURRENT

Tip voltage (~mV-V) may be applied by a battery or from a computer using
digital to analogue converter (DAC). Tunnelling current is converted to voltage by
preamplifier with gain 10°-10° V/A. Logarithmic amplifier is used to lineralize
exponential dependence of tunnelling current on tip-sample distance. It is important
for rough surface; linear approximation of exponential dependence is valid for
atomically flat surface. Measured tunnelling current is compared with reference value
and resulting error signal is intensified by high voltage amplifier and applied to

piezodrive Z-electrode.

2.4.4. Software
SPM is controlled from computer. The simplest program for SPM should
include approach and scanning regimes. Scanning regime should make possible data
receiving and processing in real time, as well as imaging of scanned region and virtual

oscilloscope, which shows signal and feedback states. Scanning regime should have
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control parameters such as “size of scanning area”, “scanning speed”, feedback
settings. Software should allow image saving and processing. The quality and
development level of SPM software is very important. SPM resources are extended
considerably if specific additional regimes are included, such as EFM (Electric Field
Microscopy), MFM (Magnetic Force Microscopy), Kelvin Probe Microscopy and so

on.

2.4.5. Probes

As mentioned above, STM has sharp metal tip as a probe. If microscope is
operated at ambient conditions, tip material should be of noble metal (usually gold,
platinum and platinum-iridium). Even thin oxide layer on the tip or sample surface
prevents tunnelling current. Usually STM tips are prepared by user using set if simple
methods, such as mechanical cutting or electrochemical etching. For very sharp
surface features acquired image is influenced by the tip radius (so called
“convolution”). Figure 2.4.5.1 explains this artefact. If the tip is less sharp in
comparison with surface protrusions, at topography image will appear as blunt as tip

itself. Influence of this artefact can be seen at Figure 3.3.5(e) in chapter 3.

—>

Topography

Figure 2.4.5.1. Tip convolution effect.

For AFM researchers use industrially manufactured probes. AFM cantilevers
usually are made from silicon, silicon nitride, and silicon boride and optionally may
be metal coated for specific applications (conductivity measurements, magnetic
measurements). One or more cantilevers can be mounted on one chip. Cantilever has
either I-shape (figure 2.2.1) or V-shape. Main characteristic of cantilever is the force
constant and resonant frequency (last one is important only for tapping and non-
contact modes). Cantilevers with small force constant (~0.01-0.1 N/m) are used for
contact mode. In tapping (and noncontact) mode cantilever force constant is higher
(1-100 N/m). It is important to choose proper cantilever type depending on planned

application.

15



CHAPTER 3

GE NANOWIRE ARRAYS
INSIDE AAO



3.1. Structure

AAO has highly ordered pore structure and can be used as template for
nanowire synthesis [54, 55]. Figure 3.1.1 demonstrates idealized model of AAO pores
filled with nanowires. First step in this study was to confirm that the synthesis process
provides complete filling of AAO pores with germanium and nanowires were

successfully formed through all length without breaking.

Figure 3.1.1. Idealized model of nanowire array inside AAO pores.

Porous AAO membranes with a mean pore diameter of 100 nm were
purchased from SPI supplies. AAO membranes with a pore diameter 50 nm were
produced by Dr. J. Holmes researchers group in University College Cork (Ireland)
(details in [56]). Figure 3.1.2 shows AFM image of empty AAO with 50 nm pores
before filling (pore density is 1.4-10'° ecm?). Ge nanowires synthesis inside both 50
and 100 nm AAO membranes (as well as nanoparticle catalyst synthesized free
nanowires described in next chapter) was performed by same researchers group using

a supercritical fluid (SCF) deposition technique (details in [13]).

Figure 3.1.2. AFM image of empty AAO surfaces.
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Figure 3.1.3(a) shows typical AFM image of the surface of a 100 nm AAO
membrane after filling with Ge. Rough surface with no presence of any ordered
structures was found. Most likely the surface was coated with layer of Ge film and

individual nanowires were not visible on the topography measurements.

1um N s
m— z-scale: 178 nm -

Figure 3.1.3. AFM images of AAO surfaces filled with Ge: (a) - after Ge
inclusion in the pores; (b) - after mechanical polishing; ()c - after chemical
etching of polished sample with 9 % H3;POy,

Large numbers of well ordered protrusions extending 1-10 nm from the
surface become clearly visible after sample mechanical polishing (figure 3.1.3(b)),
and they are supposed to be Ge nanowires. To prove this assumption membrane
surface was etched with 9 wt% H3;PO4 for 15 minutes which selectively etch Al,Os.
Height of protrusions was increased up to 20-50 nm (figure 3.1.3(c)), and this fact
confirms our suggestion.

Moreover, individual germanium nanowires were released from the AAO
membranes by dissolving the GeNW-AAO composite material with 6 M NaOH at
150 °C. The liberated nanowires were washed with distilled water and filtered. The
filter was suspended in methanol and immersed in an ultrasonic bath for 20 min. The
released nanowires were adsorbed onto glass slides for AFM investigation. Elongated
structures 3-10 um long (figure 2.1.4) were observed and identified as nanowires. The
mean diameter of the nanowires formed within the commercial and in-house AAO
templates was approximately 100 and 50 nm respectively which corresponds to the
mean pore diameters of the AAO membranes used as templates.

Main property of semiconducting materials is the existence of energy gap E,.
At zero temperature semiconductors are complete insulators and with increasing
temperature their conductivity increase exponentially. This provides an easy method

to test whether the nanowires exhibit semiconducting properties as bulk Ge crystals.
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Ge nanowires

AAO matrix— ‘ I m ‘ I
‘ ]
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Figure 3.1.4. Schematics and AFM image of nanowires liberated from an AAO
membrane.

Macrocontacts, | mm in diameter, were used to investigate the mean electrical
properties of the Ge nanowires within the templates (more details in the section 3.3)
and to determine the activation energy. For thermally activated intrinsic current
carriers, which produce the current | through a nanowire, it depends on temperature T

according to equation 3.1.1 [57]:

=1, exp(— E%kT) G.1.1)

where E, is the activation energy and K is Boltzman’s constant. The activation energy
of the Ge nanowires within the arrays was determined from current-temperature
dependence in the temperature range between 140-300 K (figure 3.1.5). This
temperature region provides information about conductivity type determined either by
intrinsic or by doped charge carriers. The activation energy E, of the Ge nanowires
with a mean diameter of 100 nm and 50nm was found to be 0.61 eV and 0.58 eV
respectively and both values are close to the band gap E, value for bulk Ge at 0.66
eV [53]. From acquired data we can conclude that conductivity has intrinsic character
till at least 140 K with no visible contribution of doping impurities.

Using selective surface etching and complete matrix dissolution it was shown
that nanowires were formed inside AAO pores. However, the question about
nanowire integrity inside AAO still remains. After Al,O3 dissolution the length of the
released nanowires was 5-10 times shorter than membrane thickness. There are two

possible ways to explain this fact.
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Figure 3.1.5. Conductivity dependence on temperature of Ge nanowires inside
AAO membranes with a mean pore diameter of 100 nm (1) and 50 nm (2).

a b

Figure 3.1.6. Schemes of possible nanowire structure inside AAO matrix. (a) —
nanowires with cracks and are discontinuous through the membrane length; (b) —
nanowires are continuous and without cracks.

In the first variant, the nanowires may have breaks and cracks inside membrane after
synthesis already (figure 3.1.6(a)). According to the second variant, the nanowires
inside AAO are continuous (figure 3.1.6(b)) and become fragmented during ultrasonic
processing. It should be noted that nanowires shortening correlate with the time of
ultrasonic processing. However, in order to answer this question about nanowires

integrity they should be probed individually as will be shown in next section.
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3.2. Single nanowires in array

Conductive probe atomic force microscope is a suitable tool for investigation
of electroconductive properties of nanoobjects as well as mechanical interactions. C-
AFM in contact mode was used to study electroconductivity of individual Ge
nanowires incorporated into AAO membrane and to study nanowire force interactions
of with C-AFM tip (figure 3.2.1). The topography, friction and conductivity images of
nanowire arrays were recorded simultaneously in form of 3D maps. Third dimension
is represented by color.

Images were taken at different voltages from 0 to 50 V on polished AAO
membrane surface filled with Ge nanowire with diameter 100 nm. Figures 3.2.2(a) and
(b) show the surface topography, figures 3.2.2c and d show current map and figures
3.2.2(e) and (f) show friction map of the same region at 15V and 50V respectively.
The areas of high current density and high friction were very well correlated with the
position of the nanowires on topographic image. Some nanowires which are not
observed in the topographic image can be seen detected in the current and friction map
(figure 3.2.3). Thus recording of friction force provides additional information about

inhomogeneous phases of investigated material, which is absent in topography map.

Loading Force

Friction Force

Figure 3.2.1. Scheme of C-AFM measurements on GeNW inside AAO.

From the current maps it can be concluded that nearly all of the nanowires examined
were conductive throughout the entire thickness of the membrane. Current deviation
through single nanowires around mean value was within £20%. This tight current

distribution indicates that nearly all of the nanowires within the array have similar

20



conductivity characteristics. ~ The density of Ge nanowires within the AAO
membranes with mean pore diameters of 100 and 50 nm was 9-10° cm™ and 1.4-10"°

cm” respectively as determined by topography and conductivity measurements.

Current
15:V.i

- Friction
15 V2.

Figure 3.2.2. C-AFM images of Ge nanowire array inside AAO matrix
recorded simultaneously. (a, b) - AFM topography; (c, d) — current; and (e, f) -
friction force at different voltages.
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Figure 3.2.3. Combined C-AFM images. (a) - topography (grey) and current
(red); (b) - friction (gray) and topography (red). Two buried (no extended)
nanowires marked with solid and dashed circles for example.

During these measurements we observed also that the friction force increases then
voltage raises (figure 3.2.4(a)). By applying voltage between bottom electrode and
conductive AFM probe, load force also increases probably due to electrostatic
interaction. At low voltages friction force on extended nanowires (figure 3.2.4(a), curve
1) is slightly higher than on buried ones (figure 3.2.4(a), curve 2), but at higher voltages
friction becomes equal. Observed adhesion force increases from 9 nN at zero voltage
till 41 nN at 60 V (figure 3.2.4(b)). Electrostatic force is proportional to applied voltage
square, electrode shape (radius of the tip in this case), dielectric constant of the gap and

inversly proportional to electrode-electrode distance.
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Figure 3.2.4. (a) - friction force dependence on voltage (curve 1 — measured on
extended nanowires, curve 2 — on buried nanowires). (b) - adhesion force
dependence on voltage.

Experimentally determined adhesion force is proportional to applied voltage square
which means that additional adhesion arises as the result of electrostatic interactions

between a sample and conductive AFM probe. Difference in electrostatic force between

22



Ge and AAO is mainly determined by dielectric constant of media and will be 1.6 times
higher on Ge in comparison to AAO surface (dielectric constants 16 and 9 respectively
[58]) and electrostatic force should be higher on Ge nanowire. Higher load force
produce the increase of contact area. At 50 V contact area achieve 3 and 2 nm” on Ge
and AAO surface respectively. Higher load force and contact area determines more
effective increase of friction force on Ge nanowires in comparison to AAQO surface.

Summarising the asquired results we can make two important conclusions.
Firstly, nearly all of the semiconductor nanowires contained within the AAO substrates
were conducting; each individual nanowire possessed similar electrical properties
demonstrating that the nanowires are continuous and reproducible within each pore.
Secondly, C-AFM with simultaneous friction force detection is powerful tool for
electrical probing of individual nanowires within solid substrate.

Due to high resistance of individual nanowires it was impossible to make
measurements at voltages below 10 V using our experimental setup. Measurements at
lower voltage are important to exclude possible thermo ionization effect, which is
possible in semiconductors in high electric field. To measure electroconductivity of
nanowires at lower voltages and with no applied force, macrocontact measurements

were performed.

3.3. Averaged electroconductive properties

I(V) characteristics for the polished and etched GeNW-AAO samples were
measured by the macrocontact method as shown in figure 3.3.1(a). The geometry of
electrode-sample assembly was approximated by equivalent scheme shown at figure
3.3.1(b). Total resistance is equal Ripta=Rnw/N, where Ryl — total sample resistance,

Rnw— resistance of individual nanowire and N — number of nanowires in contact.

@1 mm,_

%_ Ti_ 1 ”m_'% 00T 1w
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Figure 3.3.1. Representation of the macrocontact measurements setup: (a) -
schematics of averaged nanowires conductivity measurement; (b) - equivalent
scheme; c - schematics of surface conductivity measurement.
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It was assumed that current contribution from all nanowires is equal. In reality
resistance (and current) of individual nanowires deviate around some mean value and
the greatest contribution into the current measured by macroelectrode comes from the
less resistive nanowires. Figure 3.3.2 shows histogram of current distribution through
100 nm Ge nanowires measured by C-AFM. These data were used to compare results
provided by approximate formula Riwm=Rmw/N and by more precise expression
1/Riota=1/R1+1/R2+ ... +1/Riy. Calculations show that resistance estimated
using the approximate formula was 25% higher than results obtained by more precise
formula. This correction is small in comparison with data variation between samples

and can be neglected.
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Figure 3.3.2. Histogram of current distribution through individual nanowires
measured by C-AFM at voltage 20V.

0

The conductivity through an empty AAO matrix and surface conductivity
(scheme shown at figure 3.3.1c) of the filled GeNW-AAO matrix was found to be
10°-10° times lower than the conductivity through the nanowires and therefore
neglected. Consequently, the I(V) data reflects the conductivity through the
nanowires within the arrays.

For contacts deposited on mechanically polished samples, with no etching
mostly non-linear I(V) curves were obtained for both 50 nm and 100 nm diameter
nanowires (figure 3.3.3(a), curves 1 and 3). The non-linear I(V) curves in both
samples may be due to a Schottky barrier between the Ge nanowire and the metal
electrode or due to an insulating layer present in contact.

Meng et al recently demonstrated selective etching of AAO surface layer by 2
wt% NaOH to expose the ends of Ni nanowires [59]. It is known that Ge can be
etched by NaOH also. That is why we used 9 wt% H3;PO, instead of NaOH for
selective chemical etching of the AAO top layer around the nanowires to improve its
contact to metal electrode. It was noted that the etching rate for 50 and 100 nm AAO
membrane is different. Etching times were chosen 15-90 min for 100 nm GeNW-

AAO and 3-10 min for 50 nm GeNW-AAOQO arrays at room temperature. At these
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etching conditions the only thin (<100nm) surface layer of Al,Os is removed and
nanowire ends expose above the surface of AAO membrane. This allows enlarging of
nanowire / metal film electrode contact area. Conductivity for the 50 nm case
improves approximately 10 times (figure 3.3.3(a), curves 1 and 2) while the
conductivity of the 100 nm diameter GeNW-AAO samples improves only
approximately 1.5 times (figure 3.3.3(a), curves 3 and 4) in comparison to
mechanically polished samples. It means that chemical treatment is much more useful

for 50 nm samples in comparison with 100 nm ones for contact improvement.
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Figure 3.3.3. I(V) data for Ge nanowire arrays. (a) - comparison of etched and
nonetched samples: curve 1 - 50 nm sample without etching, 2 — 3 min etched; 3 —
100 nm nonetched sample, 4 — 15 min etched. (b) — best achieved results: 1 — 50 nm
sample etched 10 min, 2 — 100 nm sample etched 90 min.

It was estimated that the contact surface in case of 50 nm nanowires (surface
density 1.4:10'" ¢m™) increase app. 8 times more in comparison with 100 nm
nanowires (surface density 9-10® cm™) if same surface layer of Al,O; (100 nm) was
removed by chemical etching. It is in good agreement with obtained results, then
resistance of 50 nm nanowire array was decreased 6.7 times more in comparison with

100 nm. Further etching is useless because highly nonuniform and deep cracks appear

(figure 3.3.4).

Figure 3.3.4. SEM images of 50 nm GeNW-AAO membrane surface modification
at long etching (10 minutes etching in 18% HCI). (a) - scale bar — 50 um, (b) —
scale bar 5 um. (courtesy of Brian Daly, University-College Cork).

25



The I(V) characteristics of the 100 nm diameter Ge nanowires became almost
linear and displayed good ohmic contact characteristics after chemical etching (figure
3.3.3(a) - curves 4; (b) - curve 2). This change implies that the nonlinearity observed
with the non-etched samples is due to the presence of an insulator layer, i.e. AAO,
between the nanowires and the metal electrode. A degree of nonlinear behavior was
however still observed for the 50 nm diameter nanowires after polishing and etching
(figure 3.3.3(a) - curve 2; (b) — curve 1), which may imply that the AAO layer around
the 50 nm nanowire was not completely removed after etching.

In the ideal case H3;PO4 should uniformly remove the AAO layer around the

nanowire as shown in figure 3.3.5(a) and (b).

Au/Pd electrode Au/Pd electrode Au/Pd electrode Au/Pd electrode

d-m: ::“agcg ]L\J:J? Lo removed AAO removed AAO removed AAO

L I i I T,

(e nanowire
(Ge nanowire
(Ge nanowire
(e nanowire

Figure 3.3.5. Schematics of: (a) - contact on polished surface before etching; (b) -
assuming homogenous removal of the AAO matrix during surface etching; (c) -
assuming more effective AAO matrix etching in close proximity to the nanowire for
100 nm diameter GeNW-AAO samples; (d) - assuming more effective etching away
from nanowire for the 50 nm diameter GeNW-AAO samples; (¢) - AFM topography
surface image of 100 nm nanowire array 15 min etched in 9 % H3PO4 (note that high
protruding nanowires appear thick due to tip convolution effect); (f) - TEM image of
50 nm Ge-NW released from AAO (courtesy of Jana Andjane, Institute of Chemical
Physics).
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For 100 nm GeNW-AAO samples, the etching occurs more efficiently around the
edge of the nanowire as shown in AFM image (Figure 3.3.5(¢e)). A schematic of this
situation is shown in Figure 3.3.5(c). Dark areas around the nanowires (figure
3.3.5(e)) correspond to effective removal of AAO material in comparison to areas
between the nanowires. For the 50 nm GeNW-AAO samples, the presence of
nonlinear I(V) characteristics (figure 3.3.3(c), curve 2) even after gradual etching of
the surface may be due to poorer etching of the alumina in close proximity to the
nanowires (figure 3.3.5). Probably, aluminum oxide around nanowires may be
chemically modified at high temperatures (500 ° C). This hypothesis was confirmed
by TEM study of 50 nm GeNW released from AAO (figure 3.3.5(f)). Nanowires
(nanowire diameter equal to AAO pore diameter is about 50 nm) were coated with
AAO layer (thickness about 30 nm) which was not removed even at harsh etching
conditions (treatment with 6 M NaOH).

The resistivity calculated for a single nanowire, based on a mean value
obtained for a group of nanowires, was between 60-750 Qm and 110-2300 Qm for
nanowires with mean diameters of 100 nm and 50 nm respectively. Higher resistivity
of 50 nm nanowires in comparison with one of 100 nm may be explained by size
effect. Surface to volume ratio is higher for thinner nanowires, and hence higher
probability for electron to be scattered at surface imperfections.

Figure 3.3.6 illustrates a comparison between the C-AFM and macrocontact
measurements for GeNW-AAO samples. At higher voltages (50 V) the resistivities
decrease 2-3 times for both C-AFM and macrocontact measurements. The reason for
the lower resistivity at higher voltages is possibly due to thermoelectric ionization
[60]. The change in resistance through the nanowires as a function of applied voltage

is almost identical for both the macrocontact and C-AFM measurements (figure

3.3.6).
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Figure 3.3.6. Dependence on the current vs. voltage dependence through an
individual 100 nm Ge nanowire measured by (1) macrocontact and (2) C-AFM.
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Resistivity values for a single nanowire for both systems are approximately the same
despite the contact area of single nanowire with the macrocontacts being 3 orders of
magnitude larger, 8000 nm? for the 100 nm diameter nanowires and 2000 nm? for the
50 nm diameter nanowires, than the contact area with C-AFM, i.e. 2-4 nm®. This
result suggests that for the polished samples, both the C-AFM and macrocontact
methods are inherently suitable for measuring the electrical properties of such the
nanowire arrays.

It should be noted also that there may be differences in the nature of the
association between the nanowire and the metal contact for the macrocontact and C-
AFM methods. In C-AFM measurements a force is applied between the AFM tip and
the surface which can improve the quality of the contact. In addition, the AFM tip
can penetrate into the AAO pores and contact with the buried nanowires. In
macrocontact case, the metal is deposited on the top of the GeNW-AAO surface and
some buried nanowires may be not contacted to the electrode.

Resistivity values for our nanowires encapsulated inside AAO templates are
significantly higher than the resistivity of bulk Ge (0.66 Qm). For the Ge nanowires
incorporated within the AAO, nanowire resistivities would be expected to be higher
than bulk Ge due to much higher surface area, which breaks symmetry of perfect
crystal and hence increase electron scattering probability [2]. Our Ge nanowires
grown inside of AAO show also higher resistivities than individual Ge nanowires, as
was reported in the literature, e.g. 1.4-10-3-10" Qm [61] for Ge nanowires grown on
gold nanoparticles by a VLS mechanism and 10°-10" Qm [62] for Ge nanowires
grown from gold nanoparticle-seeded supercritical fluid-liquid-solid (SFLS) method
using a continuous flow reactor. In the next chapter we will also compare
electroconductive properties of template synthesized nanowires and nanoparticle-
seeded nanowires synthesized by the same SCF method. It should be noted that
nanowires grown on gold nanoparticles are doped in contrast to our nanowires. To our

knowledge there is no data on intrinsic (undoped) Ge nanowires.
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3.4. Averaged photoconductive properties

It is shown in previous sections that germanium nanowires are successfully
synthesized inside pores of 50 and 100 nm AAO membranes. Nanowires are
electroconductive and exhibit intrinsic conductivity. In this section photoconductive
properties of Ge nanowire arrays are described. Recently nanostructures of indirect
band gap semiconductors such as silicon and germanium attracted scientific interest
because of their potential applications in nanophotonics and nanoelectronics, but no
studies on photoconductivity of semiconducting nanowires inside AAO has been
reported. Main aims of this topic were to test whether the nanowires exhibit
photoconductivity and check if any AAO substrate effects are present. Figure 3.4.1

illustrates a schematic of the photoconductivity measurement setup.

Figure 3.4.1. Schematic of photoconductivity measurements on a Ge nanowire
array. The Ge filled AAO membrane was coated with an ITO or semitransparent
Au electrode from the upper side and with a 100 nm thick 1 mm in diameter Au
electrode from the lower side. The sample was illuminated with a multyline laser
light of wavelength in range of 457-514 nm through the transparent electrode.
Bias voltage was applied between the top and bottom electrodes to measure the
dark current and photocurrent.

In these experiments Indium Tin Oxide (ITO) was employed to measure the
photoconductivity properties of the GeNW-AAO and compared with a
semitransparent gold electrode to exclude material specific contact phenomena which
may be caused by n-type of ITO material. Prior to optical measurements, the contact
was optimized using chemical etching of the membrane surface with phosphoric acid
for both the ITO coated (ITO-GeNW-AAO) and semitransparent gold (Au-GeNW-
AAQ) samples following by etching procedure described in previous section.
Regardless of contact optimization it was found that the resistivity of the ITO coated
samples was 4-8 times higher than samples coated with Au (Figure 3.4.2(a) and (b),
Table 3.4.1) for both 50 and 100 nm nanowire arrays. This can be explained by

oxidation of Ge nanowires during ITO coating in an atmosphere, which contains O,
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Figure 3.4.2. (a) - dark current I4(V) curves for samples with semitransparent Au
electrodes; (b) - for ITO electrodes.

Table 3.4.1. Resistance of a single nanowire estimated for various GeNW-AAO
samples.

Sample Resistance (€2) Resistance (€2)
ITO Contact Semitransparent Au Contact
50 nm GeNW-AAO 2.3*10* 6*10"
100 nm GeNW-AAO 6.4*10" 8.4*10"

A significant increase in the current was observed for the GeNW-AAO
samples during illumination with an Ar laser, intensity of 800 mW cm™ and
wavelength range between 457-514 nm, for both the ITO and semitransparent top Au
electrodes. No effect was detected at the same conditions in empty AAO membranes,
i.e. those not loaded with Ge nanowires in the pores. The photocurrent dynamics in
the NW-AAO arrays were measured using short (0.5 ms) and long (1 s) illumination
pulses as shown in figures 3.4.3, 3.4.6 respectively. The samples display exponential
growth and decay kinetics with the characteristic time constants (t;) ranging from sub
milliseconds to seconds. Mathematically the time dependence of current can be

expressed as [63]:

Lo (8) = 15 £ >C; -exp(-t/7;) (34.1)

where lita is the current detected after a time t, lpis equal to steady current at given

illumination intensity (damping of photocurrent, when illumination is switched off) or
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dark current (starting of photocurrent, when illumination is switched on), Cj is a
numerical coefficient, which describe the contribution of each photoinduced process,
and T;is the current change time constant.

In simple case, absorbed photons generate electron-hole pairs in the
semiconducting crystal. The increase of the charge carrier concentration consequently
causes the increase of electroconductivity. Photogenerated charge carriers can also
recombine. Competition of generation and recombination processes results in steady
concentration of photogenerated charge carriers, then speed of generation and
recombination processes are equal. Photoconductivity damping kinetics, characterised
by time constant 7, is determined by electron-hole recombination speed then
illumination is switched off. In the real crystals photoconductivity damping is more
complicated [64].

To estimate the kinetics on the millisecond timescale individual short (0.5 ms)
pulses were used (figure 3.4.3). Two kinetic components (t; and 1,) were determined

by fitting the experimental data to exponent (figure 3.4.3b and table 3.4.2.)
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Figure 3.4.3. (a) - current response during 0.5 ms illumination by laser intensity
800 mW cm™ for 100 nm nanowires with Au and ITO electrodes (kinetics of 50
nm nanowires are similar); (b) — photocurrent damping kinetics for same sample
with Au electrode.

The decay kinetic component (t;) appear in experiment as fast as operation
time (10° s) of equipment used. Real values of 1, were obviously obscured by
equipment speed and were less than 107 s. It may be close to the charge carrier life
time reported in literature for polycrystalline Ge was 3 ps [65] and 1-50 ps [66].
Polycrystalline Ge is good analogy to nanowires because of high amount of grain
boundary associated defects.

The second photokinetic process shows time constants (t,) in the range of 10
s and summarized in table 3.4.2. We attribute it also to electron — hole recombination
in Ge. In this process electron-hole pairs can be generated by photo luminescent light

primarily adsorbed by AAO matrix and emitted according to the luminescence kinetic
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(Tium). Photoluminescence decay time constant was found to be in range 0.8-2 ms for

both 50 and 100 nm Ge nanowires inside AAO (figure 3.4.4).

Figure 3.4.4. Scheme of light absorption in

T GeNW-AAO system. Laser photons (blue arrows)

A absorbed by Ge nanowires create electron-hole

i l pairs (recombination time constant t;). Photons

may also be absorbed by AAO and they excite

ol B photoluminescence centres (red stars), which relax

I X to the normal state (time constant ty,,) (blue stars)

and emit accumulated energy as luminescence

T photons (dashed green arrows) with longer

Ge nanowires  AAO wavelength A' > A. Then photoluminescent light

may be absorbed by Ge nanowires and impact into
photocurrent with time constant To~Tyym.

In case of 50 nm pore AAO photoluminescence intensity was about an order of
magnitude more intensive than 100 nm AAO (Figure 3.4.5). Elimination of AAO
photoluminescence is essential for creation fast optoelectronic devices based on arrays

of semiconducting nanowires inside AAO.
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Figure 3.4.5. (a) - photoluminescence of empty and Ge filled 100 nm AAO
membranes. (b) - photoluminescence of empty and Ge filled 50 nm AAO
membranes. Blue and green arrows indicate laser wavelength used in
photoconductivity experiments.

One more component with time constant (t3) about 0.5-4 s was determined
after illumination of the nanowire-AAO samples with a 1 s long laser pulse (figure
3.4.6 and table 3.4.2). We associate the kinetic component (t3) with thermo generated
current caused by sample heating by laser illumination. Sample heating was directly
measured using copper-constantan thermocouple attached on the back side of GeNW-
AAO membrane (figure 3.4.7(b)). At short pulses (0.5 ms) sample temperature rise is
negligible (10~ K). At long pulses the temperature rises (decrease) with time linearly
as T(t) ~ t/ty at initial time interval and stabilizes after about 10 s as it shown in figure

3.4.7(a).
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Figure 3.4.6. Current change during 1 s pulse illumination and after for 50 nm
Ge nanowire sample for Au and ITO electrodes (kinetics of 100 nm nanowires is
similar). Dark current is set to zero here. Impacts of photo- generated and thermo-
generated currents are shown as Al and Alj,.

Values of current change kinetics (13~0.5-4 s) are very close to heating kinetics
(t~0.5-1 s), which allow us to identify t3 with 1. Current through Ge nanowires

inside AAO depend on temperature as I ~ exp(-E./kT) (figure 3.4.7(c)).
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Figure 3.4.7. (a) - sample heating / cooling dynamics at illumination by laser
intensity 800 mW cm™ for 100 nm Ge nanowires (50 nm sample have very similar

dynamic). (b) — measurement setup. (c) - exponential increase of current on
temperature.

Thus linear growth of sample temperature will cause exponential increase of current.
We can separate contributions of temperature caused current increase Aly, and photo
induced current increase Aly, as it shown at figure 3.4.6, taking into account that
photocurrent kinetics (t; and t;) is about 1000 times faster than thermo generated
current kinetic (ts or t3). Note, that Al impact into current is higher relative to Al
in case of Au electrode in comparison to ITO electrode. We can explain it by taking

into account the fact what Au electrode converts more light to heat than ITO electrode

and sample heating in first case is higher.



Table 3.4.2. Comparative table of photoresponse (1) and heating time constants (t3)
for GeNW-AAO samples.

Nanowire Electrode T2 (MS) 3 (S)
diameter increase decrease increase decrease
50 nm ITO 0.4-0.5 1-3 2-3 0.5-4

50 nm 25 nm Au 0.4-4 3-7 0.5-1 2-2.5
100 nm ITO 0.25-0.5 0.8-2 1.5-5 1-1.4
100 nm 25 nm Au 0.4-0.8 0.5-4 1-1.5 1.7

Figures 3.4.8(a) and (b) show the photocurrent (I;) as a function of applied
voltage for the samples with ITO and semitransparent Au electrodes respectively for
50 and 100 nm Ge nanowire arrays. l,n(V) exhibit almost linear growth with applied
voltage for both samples and both contacts.

The photo current / dark current ratio (l,n/lq) was typically 10-25 % and 3-5 %
for the ITO-nanowire and Au-nanowire contacts respectively for both chemically
etched and non-etched samples. The difference in the /4 ratios is probably due to
the lower transparency of the top Au-contact compared to the ITO electrode. We
have measured that light intensity decreases by 50 % after passing through Au thin
film of the same thickness (25 nm) as was used to coat our samples. As ITO is almost

completely transparent, the loss of light is negligible.
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Figure 3.4.8. (a) — photocurrent-voltage curves for samples with ITO electrodes
(Iph=ltotai-ldark); (b) - semitransparent Au electrodes detected after 50 ms of laser
illumination of intensity 800 mW cm™.
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Thus, taking into account the low intensity of light transmitted through the Au
electrode, the Au and ITO coated samples show practically the same I/l4 ratios.
Comparing Au and ITO electrodes, we would note better contact of Au electrode with
nanowires and consequently higher currents. However, losses of light intensity if Au
electrode used are significant.

Bearing in mind the photocurrents shown in figures 3.4.8a and b, we estimate
that the photocurrent in a single Ge nanowire with Au electrode, at a bias of 5 V and
illumination power of 800 mW cm?, is in the range of 30 fA for the 100 nm
nanowires and approximately 3 fA for the 50 nm nanowires, respectively. lpn(V)
curves also show approximately linear growth of photo current with the bias voltage
increase (figure 3.4.9(a)), thus one can obtain higher current at increased voltages.
Photocurrent is 10 times higher at 50 V in comparison to 5 V. This indicates that the
Ge nanowires within the AAO templates demonstrate a sufficient photoinduced
current, and it means that this material can be used for creation of high resolution
devices. Proposal of ultra high resolution photosensitive matrix based on nanowire

array inside AAO is described in chapter 6.
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Figure 3.4.9. (a) - photocurrent Iyy(V) curve at high voltages for 100 nm sample
with semitransparent Au electrode detected after 0.5 ms of laser illumination of
intensity 800 mW cm™. (b) - corresponding dark current for same sample.
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CHAPTER 4
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In this chapter were used nanowires grown on Au metal tips from Au
nanoparticles, which were present on tips, using SCF method. The same method was
used for synthesis of nanowires inside AAO template. The main aim of this study was
to compare properties of nanowires synthesized with these two methods. In particular,
structure, electroconductive properties and force interactions of free nanowires are
described here. Acquired information was analyzed and used to elaborate and
demonstrate principles of a nanoelectromechanical device as well as its 3D array
(chapter 6). At the end of this chapter some advantages of nanowire template

synthesis are summarized.

4.1. Structure

Transmission electron microscopy (TEM) is a unique technique which reveals
internal structure of nanoobjects and in combination with energy disperse X-ray
spectroscopy (EDX) it allows to probe elemental analysis with ultra high spatial
resolution. Figure 4.1.1 show images of typical Si nanowire. Nanowires have
diameter in interval 40-90 nm and visible length 2-10 um. A small Au nanoparticle
was usually visible at the very end of nanowire. Gold particle acts as a catalyst and
nucleate growth of nanowires. It is well known VLS mechanism there nanowire grow
from Au-Si or Au-Ge eutectics [67]. It is natural that during growth at high
temperatures nanowires become Au doped as further is shown. Figure 4.1.1 presents
results of EDX elemental analysis of typical Si nanowire. Nanowire body consist of Si
with negligible traces of oxygen (due to nanowire oxidation at ambient conditions),
carbon (nanowires were synthesized in CO, atmosphere), titanium and copper, which
were used as TEM holder material. The very end of nanowire consists of gold. Ge

nanowires have very similar structure.

4.2. Electroconductive Properties

Electroconductivity of the nanowires was studied using Scanning Probe
Microscope compatible with transmission electron microscope (TEM-SPM). Si
nanowires typically displayed linear I(V) behavior as shown in figure 4.2.2(a), and
was independent of the point of contact between the nanowire and the gold electrode.

The resistance of the Si nanowires did not vary significantly with contact area
(same as in previous chapter) when the contact diameter was changed between 4 and
55 nm resulting in resistances between 15 and 45 MQ without correlation to contact

area. Although the contact resistances cannot be adequately determined through a
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simple two-point contact, the resistivities of the Si nanowires can be estimated to be
of the order of 10? Q m. The relatively low resistivities for Si nanowires are
indicative of a highly doped nanowire with an impurity concentration of

3

approximately 10'® cm™. Typical I(V) curve of Ge nanowires (40—-150 nm in

diameter) is shown in figure 4.2.2(b).

Au particle

30 nm
Si nanowire

Au tip

2.0

Figure 4.1.1. Si nanowire TEM image and elemental analysis.
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Figure 4.2.2. Nanowire contacts with Au electrode. (a) — Si nanowire contact and
corresponding I(V) curve; (b) — Ge nanowire contact and I(V) curve.

It should be noted, that some obtained I(V) for Ge nanowires exhibit a nonconductive
gap, which varied randomly (1-8 V) but typically was between 2 and 4 V. However,
if nanowire was contacted by gold hemisphere on its end to the second electrode, it
cause a significant decrease in the nonconductive gap and nearly linear I(V) behavior.
These changes in the (V) behavior with contact position suggest that there is an
unstable native oxide layer on the Ge nanowires of varying thickness which acts as a
barrier to the conductance. The resistance of the Ge nanowires varied significantly
between 0.15 and 1 GQ corresponding to resistivity of the order of 1-7-10" Q m. The
higher resistivity suggests that the Ge nanowires are not as highly doped with gold as

the Si nanowires having an impurity concentration of approximately 10'* cm™.

4.3 Elastic properties

Elastic properties of the nanowires were studied by mechanical bending of the
nanowire with Au tip. Both Si and Ge nanowires were bended up to 70-90° without
rupturing or any inelastic deformation (figure 4.3.1). After unloading the nanowire

returned to the initial shape.
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Figure 4.3.1. Mechanical deformation of Ge nanowire.

Internal strain can be easily estimated using following formula [68]:
_E-r
P

o (4.3.1)

where E — Young modulus (105 GPa for Ge), r — nanowire radius (90 nm), p —
deformation radius (1400 nm). We found that nanowires do not ruptured at G,,=7
GPa, which is 50-140 times higher than wrecking strain for bulk Ge Gp,=50-150
MPa [69]. Such result was expected, because experimental rupture strain of bulk
crystals is mainly determined by the micro cracks which lead to sample destruction

and is lower than theoretically estimated.

4.4. Force interactions

The controlled approach of the electrode to the nanowire using piezodrive of
TEM-STM holder was utilized to measure the distance at which the nanowire jumped
to the gold contact (jump-to-contact distance). After contacting with the gold
electrode, nanowire was withdrawn by the piezodrive, and jump-off-contact distance
was measured. The jump-to-contact and jump-off-contact distances were measured at
different applied voltages and can be directly related to the attractive forces between
the nanowire tip and the gold electrode. The attractive van der Waals force (Fqw) and
electrostatic force (Feec) between the nanowire and the gold electrode are countered
by the opposing elastic energy (Felas) exerted by the nanowire. The pull-on and pull-
off forces between the nanowire and the Au electrode can be calculated using the
spring constant of the nanowires, K.

Force interaction of a semiconducting nanowire with metal tip is very similar
to AFM tip interaction with a solid surface and can be explained using AFM force
curve (figure 4.4.1). The total attractive noncontact force (Frn) acting on the nanowire
is the sum of van der Waals force and electrostatic force, Frn=FvawtFeiec. As the

nanowire tip is moved toward the electrode (point a), the attractive forces acting on
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the nanowire tip steadily increase. At point b, the attractive force gradient exceeds the
spring constant (dotted lines) of the nanowire (dFy /dz>dF.,s /dz=K) and the jump-to-
contact occurs [52] and comes to equilibrium at the intersection of F(z) and the spring
constant (point €). The jump-to-contact distance is the distance between points b and ¢

and can be seen by TEM in our experiments.

F(s)

Figure 4.4.1. AFM force curve.

We can estimate the force constant of nanowire K using jump-to-contact
distance (figure 4.4.2) if zero voltage applied between nanowire and metal electrode
and assuming Fygw>>Fast at small distances, using the following formula of van der

Waals force for two interacting spheres [70]:

__A _RR 4.4.1
Y 6D? (R +R,) (4.4.1)
dFypw _ A . RR, =k (442)

dd 3D° (R +R,)
where A - Hamaker constant, D — jump-to-contact distance, R1,R, — radius of spheres
1 and 2.

After nanowire contact the opposite tip, the adhesion force F.qn appears. Total
contact force (Frc) acting between metal tip and nanowire is a sum of attracting
electrostatic force, van der Waals force, adhesion force and retracting elastic force:
Frc = Fyvaw t Fadnh TFelec - Felas. The jump-off-contact occurs (from point d to €) once
the nanowire spring constant is greater than the total attractive force gradient (dFrc
/dz<dFps /dz =k), which occurs at the minimum in the force curve (point d). If the
voltage is set to zero (and consequently, the electrostatic force Fei.), the value of

adhesion force F,q4, can be extracted from force curve (Fygw << Fan).
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Figure 4.4.2. (a) — Si nanowire before jump-to-contact; (b) - after
jump-to-contact.

4.5. Prototype of nanoelectromechanical device

We utilized same semiconductor nanowires for the development of NEMS,
such as nanoelectromechanical programmable read-only memory (NEMPROM)
devices, which require two stable conditions (ON/OFF).

The electrostatic force was used as driving force to bring nanowire into
contact with electrode, where voltage is operating parameter. There are two possible
regimes in the work of such device. In first regime (NEMPROM) retracting elastic
force is smaller than attracting forces Fyqw + Faan > Felas. Then nanowire remains in
contact even if electrostatic force is set to zero. In second (nanorelay) regime elastic
force is stronger than attracting forces Fyqw + Faan < Felas. If electrostatic force is set to
zero, nanowire will be withdrawn due to strong elastic force. The strength of elastic
force (Felast) 1s determined by the nanowire — electrode distance and described by
Hook law [71]:

F,.=E-D (4.5.1)

olast
where E —Young modulus and D — nanowire-electrode distance. An example of a
NEMPROM device made from a Ge nanowire is shown in the TEM frame sequence
of figure 4.5.1. As the voltage is slowly increased, the device remains OFF figure
4.5.1(a). However, once the voltage is increased to critical voltage, jump-to-contact
occurs as it seen in figure 4.5.1(b). The jump-to-contact is too fast to be viewed but
the resonant frequency of this nanowire can be estimated to be in the MHz regime.
The nanowire remains in contact (ON) with the electrode due to strong adhesion force
even when the voltage is set to zero. These devices remain indefinitely stable
demonstrating the nonvolatility of these devices for memory applications or other low

leakage devices. Although these devices are highly stable, the NEMPROM devices
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can be switched OFF by mechanical motion. Figures 4.5.1(c) demonstrate that little

shearing motion is required to overcome the attractive forces.

Figure 4.5.1. Demonstration of NEPROM principles. (a) — before voltage applied;
(b) - applied voltage and nanowire jump-to-contact; (c) - voltage decreased to zero
and nanowire jump-off- contact by small shear movement of metal tip.

The relatively large switching voltage (8.6V) utilized in this device was used for
demonstration purposes so that the full deflection of the nanowire could be easily
viewed. Smaller separation distances require much smaller switching potentials.
However, there is a minimum distance (point b of figure 4.4.1) that must be
maintained or the device will become unstable due to the strong van der Waals
attractive forces resulting in jump-to-contact. NEMPROM devices can function at any
distance between points b and e of the force— distance curve in figure 4.4.1. The
NEMPROM devices synthesized in our experiments were robust; each nanowire
tested could be switched ON and OFF multiple times (20-50) without noticeable
deformation or fracture. However, further experimentation is required to determine

their viability in future devices.

4.6. Comparison of AAO template synthesized and free nanowires

Template synthesized nanowires have much higher resistance of 80-1000 Qm
and 140-3000 Qm for nanowires with mean diameters of 100 nm and 50 nm
respectively in comparison to free nanoparticle catalyst synthesized nanowires (0.1 Q
m). Lower than the bulk (0.66 Q m) resistance of catalyst grown nanowires can be
explained by doping with impurity atoms which greatly increase charge carrier
concentration. VLS synthesis of Ge nanowires demands high temperatures (at least
400° C). Material of nanowire precursor is usually introduced into reactor in gaseous
form and decomposes at catalyst nanoparticles. Metal nanoparticles absorb released

Ge atoms and form eutectics. Following feed of precursor material cause eutectics
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oversaturation and crystallization of Ge, thus nanowire nucleates and grows.
Harvested nanowires may be doped with Au catalyst atoms (in our case doping
concentration was 10" cm™). In contrast with catalyst grown nanowires, template
grown nanowires can be synthesized no doped, as it was shown in chapter 3.

Many other properties of both template and nanoparticle catalyst-seeded
nanowires are determined by production method and compared below. Diameter of
nanowires strongly depends on precursor nanoparticles diameter (figure 4.6.1).
Nanowire diameter can be adjusted by choosing precursor nanoparticles of proper
size. However, it should be noted that at high temperatures metal catalyst nanoparticle
becomes liquid and can spontaneously form two metal droplets and resulting into two
nanowires. This situation is illustrated at figure 4.6.1, where the green arrow points to
the splitted nanoparticle. Nanowire length and growth direction also cannot be

controlled with high precision even at epitaxial growth.

atalyst nanoparticles / ‘

nanowires

Figure 4.6.1. Scheme of nanowire synthesis based on metal catalyst nanoparticles.

Template assisted synthesis method has many advantages in comparison with
nanoparticle catalyst growth technique. Nanowires grown inside AAO matrix are
highly ordered and perpendicular to the membrane surface plane (figure 4.6.2).
Nanowires diameter depend on empty AAO pore size, which may be easily adjusted
from 10 to 200 nm, thus diameter can be controlled. High nanowire packing density
may be achieved using template synthesis (in our case 1.4-10' and 9-10® cm™ for 50
and 100 nm nanowires respectively). Nanowires length is equal to membrane
thickness (from 100 nm to 250 um).

Free nanowires after introduction to ambient atmosphere oxidize and adsorb
molecules from air, which significantly influence its electroconductive properties

[72]; in contrast, the matrix serve as a natural shield and nanowires are not oxidized at
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ambient conditions. Aluminum oxide is known as good heat conductor and heat can
be effectively evacuated from nanowires, which is essential for nanoelectronics
applications. Membrane with nanowires inside can be mechanically polished and
etched by wet or ion etching. Membrane can be also completely dissoluted and

nanowires released.

nanowires

empty pores

Figure 4.6.2. Scheme of AAO template assisted nanowire synthesis.

AAQO assisted nanowire synthesis may be successfully combined with
conventional semiconductor technologies. Aluminium film can be formed on the
semiconductor wafer surface, anodized and converted into AAO [73]. Different
methods could be applied to fill AAO pores with metal or semiconductor materials
and thus creating nanowires [13, 74]. However, connection of nanowires to each other
or to other components is required to integrate nanoobjects into functional device.
DNA molecule and its architectures are possible candidates for the role of connecting

nanocomponents and they are investigated in the next chapter.
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CHAPTER 5

3D DNA ARRAYS ON
AUu(111)



5.1. Structure

Spatially distributed DNA oligomer arrays were created on the gold surface
(111) by incorporation of thioalkyalted-DNA into mercaptohexanol (MCH)

monolayer (figure 5.1.1) and their properties were investigated.

DNA oligomers
4and 10 nm

Mercaptohexanol
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Figure 5.1.1. Schematics of DNA array on Au (111) surface.

Density of DNA molecules on a surface was fitted to achieve situation when
AFM tip statistically contacts only one DNA oligomer for probing its
electroconductive properties. Structure of diluted DNA array was investigated using
AFM in Tapping Mode. Figure 5.1.2 shows topography and phase response images of
DNA array on the surface. DNA oligomers appear as protrusions in height and phase
images. Positive phase response means that DNA molecules are stiffer in comparison
with surrounding MCH layer. Our measurements show that DNA oligomers are well
distributed on the surface. DNA density at the surfaces was estimated from AFM
measurements. It increased nonlinearly with the DNA mole fraction in the solution.
Double-stranded DNA density was (2-3)-10"%; 1-10", and (2-3)-10"" chains/cm® for
monolayers formed from solutions containing DNA mole fractions of 0.1%, 1%, and
50%, respectively. In the case of 50% concentration, the DNA density at the surface
in reality might be higher because it was problematic to resolve individual DNA
molecules in close packed groups. The density of single-stranded DNA oligomers on
the surface was apparently lower than that for double-stranded at the same
concentration.

The maximum DNA oligomer density in our spatially distributed DNA
monolayers was lower by more than an order of magnitude than in densely packed

monolayers of DNA oligomers. The coverage of HS-ssDNA in mixed DNA
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oligomers-alkanethiol monolayers was reported to be (1-10)-1012 chains/cm? [75, 76].
However, it is difficult to compare the data because we used different surface coating

methods.
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Figure 5.1.2. (a) - tapping AFM images of DNA-array surface topography; (b) -
phase image.

Scanning in lift mode was applied to investigate whether DNA
oligonucleotides extend vertically upward from the monolayer in such low density
coatings. Structures with the same distribution were observed when measuring the
phase response in the lift-mode: then, repeated scans at increased distances from the
surface revealed the structures with an identical spatial arrangement. Phase response
in the lift mode was negative in most cases. The maximum lift height at which the
phase response was still observed depends on setpoint ration ryp,, oscillation amplitude
Ay, and the length of DNA (table 5.1.1). The difference in the lift height for 10 and 4
nm long double-stranded DNA oligomers was almost equal to that in the length of
DNA oligomers and served as evidence that DNA oligomers are not lying on the

surface but were extended vertically upwards from the monolayer.

Table 5.1.1. The maximal tip lift height (in nm) at which DNA structures were still
observed at different setpoint ratio rg,. Tapping amplitude Ay=45 nm.

r,, \ DNA type 10 nm double- 4 nm double- 4 nm single-
stranded stranded stranded
0.67 11 7 6
0.36 21 14 13

The lift height at which the structures were observed was almost the same for 4 nm

long single- and double-stranded DNA oligomers (table 5.1.1) which implies that
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single-stranded DNA oligomers were also extended vertically from the surface in
mixed monolayers. Thus diluted DNA oligomer array is appropriate system to
measure DNA conductivity by sharp electroconductive probe because molecules are
perpendicular to surface and tip statistically will contact only one or few DNA
molecule. Both STM (Scanning Tunnelling Microscope) and conductive AFM were
used for conductivity measurements. STM probe is rigid gold tip with infinitely large
force constant, thus no jump to contact occurs and tip may be gradually approached to
the sample surface. In contrast, AFM with low spring constant cantilevers allow to
measure small interaction force between the metal tip and metal surface coated with

DNA.

5.2. Force interactions

Prior interpretation of any conductivity measurement results maden by
conductive AFM tip it is necessary to analyze all acting forces, which potentially can
disturb DNA oligomer configuration in contact with conductive tip.

Non-contact forces. The electrostatic force depends on the distance, bias, tip
geometry and dielectric constant of the gap between two electrodes (AFM tip and
sample surface). Dielectric constant of the media between the tip and a sample was
composed of dielectric constants of MCH, DNA, adsorbed water and air. Typical
electrostatic force dependence on voltage for 10 nm long DNA oligomers coated
surface is presented in figure 5.2.1. The force value practically did not depend on bias
polarity. It means that there was not charge trapped on the tip or in the MCH and

DNA monolayers. All charges inside monolayers were compensated.
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Figure 5.2.1. Electrostatic force curve on DNA array surface.
Empty circles — experimental data, filled diamonds — fitted data.

Experimental data were fitted using theoretical electrostatic force formula for sphere

plane interaction at distances shorter than the tip diameter [77]:
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F

e = TEERV D, (5.2.1)
where ¢ is the average dielectric constant of the gap, R - the tip radius, V - voltage, D
- distance between tip and Au(111) surfaces. Values of ¢ used in the data fitting were
taken equal to 1, 81 and 2 for air, water and MCH respectively, according to ref. [78].
The tip-surface distance value was calculated as a sum of jump-to-contact distance
and monolayer thickness and was 17 for DNA and 10 nm for MCH surface coatings.
Theoretical curve fitted the experimental data when the thickness of water layer on
the Au tip, Au substrate surface, and MCH was around 2 nm. This is in good
agreement with data about the thickness of water layer on gold surfaces [79].

Van der Waals interaction force Fs» between a sphere and plane surface [52]

is equal to:
F., = AR/6D* (5.2.2)

where 4 — Hamaker constant, R — tip curvature radius, D — tip-surface distance. Tip
radius was measured by TEM and was R=30 nm. For D=4 nm (typical distance before
jump-to-contact) and Hamaker constants 4107, 1.5-10""" and 0.5-10" J accordingly
for metals, water and hydrocarbons, the corresponding F,z» forces are 125, 47 and
16 pN respectively [70].

Jump-to-Contact. Jump-to-contact distance was about 4-5 nm for both
cantilevers with force constant 0.1 and 0.16 N/m, and corresponding force acting on
the tip was 500-600 pN. The value of the electrostatic force at bias 1 V just before
jump-to-contact was app. 500 pN which exceeds van der Waals force, and is mostly
responsible for jump-to-contact. After contact the contribution of electrostatic force
and van der Waals force in the total force is negligibly small in comparison to much
higher adhesion force.

Contact forces. When the tip is in the contact with the liquid layer, the
adhesion force appears due to Laplace pressure acting over the area where the
meniscus contacts the tip [77, 79]. The adhesion force F,4 between tip and surface

can be described by the following formula:

F._, =4nRycos 6 |, (5.2.3)

where R — tip radius, y is the surface tension of water and 6 the contact angle. For
water y=73 mJ/m” [79], R=30 nm and at cosf=1, and using these parameters we found
F.»=27.5 nN. For hydrocarbons y=20-25 mJ/m? [79] and at the same R and 6 the
resulting force is equal to F,;=8.5 nN. The experimental values of adhesion forces

found from tip jump-off distance on force curve varied between 10 - 27 nN for both
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DNA and MCH monolayer at withdraw speeds 90 um/s. Large dispersion of the
results we observed may be explained by nonuniform thickness of crystalline water
film on the surface.

Even at presence of high adhesion force the tip does not completely penetrate
the water layer on gold surface and on top MCH. This conclusion is based on the
absence of tunnelling current immediately after the jump-to-contact. A few effects
may be responsible for repulsive tip-surface interaction after the jump-to-contact. The
jump-to-contact and following tip movement may be too fast to cause water flow out
from the confinement area between the tip and surface. Repulsive hydrostatic force
Fpyq will act on the tip in this case. The hydrostatic force at certain speed v can be

calculated using Raynolds formula for a planar surface and tip with radius R [80]:

F,, =6aR’nv/D, (5.2.4)

where 7 is viscosity (for water 0.01002 g/(cm s) [81]), D - distance between the tip
and sample. The calculated force values are 1-10° nN and 2-107 nN for approach
speeds 2900 nm/s and 60 nm/s, respectively, at tip-sample distance of 1 nm. Thus, the
impact of hydrostatic force in the repulsive interaction can be neglected.

Another source of the repulsive interaction with the tip may be the viscoelastic
response of MCH and DNA monolayers. Possibly, the viscoelastic elements have not
enough time to relax at fast approach. The time interval when the tip is in the contact
with monolayers is 5-10 ms and 50-100 ms for approach speeds 2900 nm/s and 60
nm/s, respectively, which is comparable with viscoelastic response time for these
monolayers. Viscoelastic response was observed as difference in surface stiffness at
different approach speeds. The repulsive interaction decreases with approach speed

decrease and almost vanishes at the speed 60 nm/s (figure 5.2.3).
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Figure 5.2.3. Dependance of repulsing force on approach
speed. Curve 1 - 2900 nm/s, curve 2 - 60 nm/s.

49



The relative surface stiffness was calculated as a ratio of cantilever displacement to
the sample displacement. The sample displacement increases on softer surfaces and
thus the relative surface stiffness decreases. The surface stiffness decrease at lower
approach speed for both DNA and MCH monolayers (table 5.2.1), which is an

evidence of viscoelastic behaviour of both MCH and DNA monolayers.

Table 5.2.1. Relative stiffness of 10 nm long DNA, MCH on Au(111) and Au surfaces,
bias 1 V.

Speed, nm/s DNA 50% DNA 1% MCH Au surface
2900 0.75 0.7 0.7 1.0
1200 0.63 0.56 0.67

60 0.55 0.44 0.62 1.0

The water layer on a bare gold surface was stiffer than cantilever for all approach
speeds (so called crystalline water). It means that there is no viscoelastic effect on the
gold surface coated with water layer. Water molecules are usually present on gold
surface at ambient conditions. We conclude that they are arranged in form of a rigid
film similar to [82]. The effective stiffness decreases with lowering of approach speed
for DNA monolayers. Stiffness value was higher in DNA case in comparison with
MCH monolayer at high approach speed. This may mean that viscoelastic response
time for such structures is shorter than for close packed MCH monolayer. The
changes in the stiffness depend on DNA density on the surface. The effective stiffness
of more diluted DNA array is lower in comparison with high density array obviously

due to smaller amount of DNA molecules involved in the contact.

5.3. Electroconductive properties

Different measurement algorithms were tried to probe electrical transport
through DNA oligomer in this work. First straightforward approach was measuring of
I(V) curves by STM (Scanning Tunnelling Microscope) at different tip-sample
distances (figure 5.3.1). I(V) characteristics were similar for MCH and DNA coatings
from the mechanical contact till predetermined resistance of 0.6 GQ (0.015nA, 1V).
Small current setpoint was chosen to avoid deep penetration of tip into monolayer as

well as possible monolayer damage and tip contamination.
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These curves can be fitted for both DNA and MCH case using the following
formula [83]:

_ 1 _ L
1=A[6.2x10‘°/As2){(pexp(—l.ozsm(pn—(mV)exp{—l.ozsAs((erVy}}a where gzi [o()dx

(5.3.1)
where A is the tunneling region area, As - the distance between electrodes, V —

voltage bias, ¢ = 0.9¢eV of MCH molecule with water coating [84] and assuming that

DNA molecule is a metal wire.
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Figure 5.3.1. I(V) curves obtained by STM at different tip-sample distances (step height
app.1A, higher current correspond to closer tip to surface position). Filled diamonds
correspond to experimental data, empty circles to fitting data.

Comparing I(V) curves of Figure 5.3.1 we can suppose that DNA behaves as a
metal wire assuming proper contact configuration (figure 5.3.2(a)). Curves are very
similar, which can be interpreted as negligible resistance of DNA molecule. However
it is possible that DNA molecules diffused from the contact under high load (figure
5.3.2(b)). Acquisition time for one I(V) characteristic was 50-100 ms and tip-sample
contact time exceed DNA-MCH viscoelastic response time considerably [85]. That is

why alternative method of DNA oligomer conductivity probing was applied.
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Figure 5.3.2. Schematics of DNA conductivity probing by C-AFM with gold coated
cantilevers. (a) — in case of metallic conductivity of DNA; (b) — DNA is nonconductive.
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Current vs. displacement I(s) measurements with simultaneously detected
force vs. displacement F(s) were expected to be more adequate than I(V)
measurements because tip-monolayer interaction time was much shorter. Typical I(s)
and F(s) curves obtained by conductive AFM are presented on figure 5.3.3(a).
Tunnelling current has appeared only after 4 nm sample displacement. Sample
displacement here mean cantilever holder displacement relative to sample. Tip
displacement inside monolayer is smaller than sample displacement because of
cantilever elastic deformation. Resistance of 6 GQ (0.15nA, 1V) was established after
8.5 nm sample displacement, which correspond to 1.5 nm tip displacement inside the
10 nm long DNA monolayer. At predetermined resistance 6 GQ and applied bias 1 V
the tip displacement was 1-2 nm for MCH and DNA coating.
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Figure 5.3.3. (a) - typical F,I(s), curve 1 — force, 2 — current. (b) — sample displacement
depending on applied voltage, curve 1 — DNA, curve 2 — bare gold.

The tip displacement on DNA array coated surface increases to the distance
comparable with DNA length, when voltage was decreased till 0.02V (0.1GQ) as
shown at figure 5.3.3b. On bare gold the displacement of the tip remain the same at
voltage 0.02V (0.1 GQ) within experiment accuracy. It means that current flows
through DNA oligomers at voltages higher than 1V, however it cannot flow at lower
voltages. We explain such behaviour by nonconductive nature of DNA oligomers.
DNA conductivity at high voltage may be provided by dissociated water molecules
similar as in [86].

Summarizing this chapter we can conclude that spatially distributed DNA
oligomer array is perspective template for nanoobject assembly at solid surface due to
oligomers vertical arrangement and ability to hybridize with complementary single
strand DNA molecules. However, DNA oligomers do not behave as metallic
molecular wire and can not be used for electrical addressing of nanoobjects without

metallization treatment.
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CHAPTER 6

POSSIBLE APPLICATIONS



6.1. Possible devices

Semiconducting nanowire arrays inside AAO potentially may be utilized in
nanoelectronics and nanofotonics. In this chapter two possible application of
nanowire array are proposed, where its high density packing can be exploited.
Semiconducting nanowire arrays potentially may be used for creation of
photosensitive matrix (figure 6.2.1). Nanowires can serve as photoresistors (as it was
demonstrated in chapter 3) or as nanowire based diodes [87]. Optical image is
projected onto nanowire array through transparent electroconductive electrode.
Adsorbed light generate excess charge carriers which increase conductivity of
illuminated nanowires. The current through nanowires is measured, and the

photogenerated increase of current can be detected in illuminated nanowires. Thus

optical image can be reconstructed from acquired current map.

RN

Light

Figure 6.1.1. Photosensitive matrix based on nanowire array in AAO membrane.

Planar design of “on-chip” realization of NEPROM device [17] is suitable for
mass production, however it is difficult to achieve high packing density of
nanodevices using 2D approach (figure 1.1a). NEPROM may be designed also in 3D
array configuration, where nanowires are perpendicular to the surface plane. This
approach may yield device packing density up to 10°-10* cm™. Here we propose
creation of 3D NEPROM array inside porous AAO membranes as shown in figure
6.1.1. Nanowires should be mounted on the bottom electrode and surrounded by
empty space. AAO pore walls will limit movements of nanowire and support upper
electrodes. Using simple calculations one can estimate that Ge nanowires of 100 nm

in diameter will form stable device at maximal AAO membrane thickness of 20 um.
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Figure 6.1.2. Integration of single NEMPROM into high density NEPROM array
based on 3D nanowire architecture inside AAO matrix.

6.2. Contacting challenges

Each nanowire in the array should be electrically contacted to utilize full
advantage of high density packing. That is extremely challenging task due to ultra
small dimensions of nanowires. However we can assume three possible solutions
adjusted to the geometry of nanowire arrays inside AAO membranes.

Classical approach to contact 100 nm nanowires is high resolution
photolithography. Nanowires could be contacted using crossed electrode strips
geometry as it shown at figure 6.2.1. Addressing top and complimentary bottom stripe

electrodes each nanowire in array could be probed.

Figure 6.2.1. Contacting nanowires in array by addressing of crossed electrode
stripes formed by photolithography.
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In case of nanowires with smaller diameter more sophisticated techniques
could be applied, such as contacting by sharp C-AFM tip, as was demonstrated in
chapter 3. Potentially this method may be used for realization of both photosensitive
matrix and NEPROM array. In case of photosensitive matrix the membrane with
nanowires is coated with transparent electrode from one side. We can use conductive
AFM tip as second electrode from the opposite membrane side. Optical image can be
reconstructed from current map, provided by C-AFM. Realization of NEPROM array
may be similar. C-AFM can “write” bits of information by applying high voltage to
force nanowire to jump to contact (“On” position) and “read” information stored in
array by scanning with low voltage applied and recording the current map. Nanowire
in “On” position will be conductive and nonconductive in “Off” position. Information
can be erased in array by heating the whole device, shaking or filling it with liquid.
This approach is expensive due to complicated instrumentation involved.
Nevertheless, AFM technique evolves quickly and in future the control electronics
may be integrated in simple chip and become cheap enough [88].

Alternative approach of contacting individual nanocomponents may be
application of DNA molecule which can connect nanowires and macroelectrodes. 3D
DNA array architecture may be used in this case. Our DNA arrays have packing
density 10'°-10™ cm™ which is higher than nanowire packing density and thus fit very
well to be adsorbed on top of nanowires. DNA molecule has smaller diameter in
comparison with semiconducting nanowires (app. 2 nm depending on conformation)
and potentially unlimited length [42]. Moreover, DNA molecule is sufficiently soft
and can be bent easily, which is favorable for wiring applications. We found that
DNA molecule is a poor electro current conductor (chapter 5). However, DNA may
be metallised and become excellent electroconductive metallic wire [89]. It is
necessary to solve many serious problems to bring these projects into reality, such as
insulation of metalized DNA and elimination of contact resistance. This approach is
extremely promising as simple, flexible and inexpensive. The work on integration of
organic molecules with nanowire in array recently has been started in the Institute of

Chemical Physics.
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CHAPTER 7

CONCLUSIONS AND
THESIS



CONCLUSIONS AND NOVELTY OF RESULTS

In this work both organic and inorganic nanowire architectures created via self-
assembly methods were investigated: ordered 3D Ge nanowire arrays and spatially distributed
3D DNA arrays.

To the best of our knowledge this is the first complex study on electrical
characterization of germanium nanowire arrays inside AAO. Structure, electroconductive and
photoconductive properties were investigated. Nanowires inside membranes are found to be
well ordered. The packing density of nanowires inside AAO matrix for 50 and 100 nm
nanowires is established to be 1.4-10" and 9:10° cm™ respectively. Contact problem of
nanowire / electrode is investigated and contact optimization procedure is found. Electro
conductivity of individual germanium nanowires within AAO is studied and compared with
averaged conductivity over large amount of nanowires in array. Nearly all nanowires inside
membrane are found to be electroconductive and exhibit intrinsic conductivity. New
information on photoconductivity and photodynamics of germanium nanowire array inside
AAO is acquired. We think that nanowire arrays possess substational potential for utilization
in opto- and nanoelectronics. The development of cheap and simple techniques for nanowires
integration with conventional semiconductor technology is a serious challenge, and, to our
opinion, the solution of this problem may be of great advantage for microelectronic industry.

Electroconductivity of nanoparticle (Au) catalyst synthesized free Si and Ge
nanowires is studied and nanowire / electrode contact area is simultaneously visualized.
Electroconductivity of free nanowires is compared with electroconductivity of AAO template
synthesized nanowires and it is found that in the first case it is much higher (10>-10* times)
due to doping with Au atoms of catalyst nanoparticles. Nanoelectromechanical interactions of
single semiconducting nanowires with metal electrodes are investigated for the first time.
High elasticity (higher than elasticity of bulk material) of single nanowires is also
demonstrated. Information on mechanical properties and acting forces was collected and used
to propose and demonstrate some principles of nanoelectromechanical device (NEPROM
memory element) based on single semiconducting nanowire. This result is important for
nanowire application for the construction of nanoelectromechanical systems (NEMS).
Advances in NEMS technology may develop into specific and superior substitutes for
conventional electronic devices.

Novel 3D DNA architecture of oligomer array on Au (111) surface is researched.
DNA oligomer surface density can be varied in range 10"°-10" c¢cm™ depending on DNA
concentration. Structure of oligomer array is studied and vertical orientation of DNA
molecules is proved. Viscoelastic behavior of DNA oligomers attached to solid surface is
demonstrated. Electroconductivity of individual DNA oligomers was probed directly by
conductive AFM tip and DNA oligomers found to be poor current conductors. Similar DNA
oligomer arrays architectures can be utilized in many applications in both bio- and

nanotechnology.
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THESIS

Electrical properties investigation method for individual nanowires inside
AAO matrix using conductive AFM is elaborated and its applicability

demonstrated.

Method of nanowire/electrode contact improvement for nanowires inside

AAO matrix using selective chemical etching is found.
Ge nanowires synthesized with SCF inclusion method in AAO template are
proved to be electroconductive and are demonstrated to exhibit

photoconductivity.

Principles of nanowire based nanoelectromechanical device (NEPROM)
operating are proposed and prototype of such device is demonstrated.

Method for electrical probing of DNA oligomers in 3D array on solid surface

by conductive AFM is elaborated and its applicability demonstrated.
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