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Chapter 1

Introduction

One of the most current and also most promising fields of research in
solid state physics is that of nano-structured materials. In particular,
there is a great interest in nanostructured semiconductors, thanks to
the latest developments in preparation methods like MOVPE (Metal
Organic Vapor Phase Epitaxy), MBE (molecular beam epitexy) [1],
lithography and colloidal chemistry|[2]. These techniques allow to
prepare nano-sized semiconductors with excellent crystalline struc-
ture and most often also with epitaxially determined orientations
with respect to a template. Due to the reduced size, the wave length
of elementary excitations within nano-structures (e.g. excitons, pho-
nons) are in the order of the dimension of the nano-structure (de
Broglie -, phonon wave length). In this case quantization becomes
an important factor, modifying material properties based on those el-
ementary excitations (electronic and phononic density of states). In
fact, the interest in nano-structures is triggered by the discovery that
their physical properties (electronic, optical, thermodynamical) are
different from those of the corresponding bulk material due to con-
finement. Consequently, the size becomes a new design parameter.
This opens a wide potential outlook to technological applications
such as light emitting devices, photovoltaic cells and single electron
transistors.

For 2-dimensional nanostructures (thin layers, quantum wells), which
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already have been prepared for more than two decades by the stan-
dard epitaxial techniques (MBE, MOVPE), most of the standard sur-
face science techniques could be applied. As a consequence there
is excellent knowledge about their physical properties and accurate
comparison with theory. However, to obtain measurements from 1-
dimensional (quantum wires, nanorods, nanotubes) and O-dimensional
nanostructures (quantum dots), the additional requirement occurs
that the probe must provide lateral resolution in the nanometer range.
This requirement excludes or limits many of the standard surface sci-
ence techniques and is especially true for the standard optical tools
with diffraction limited spatial resolution just in the sub-micrometer
range. If possible, the parameters of the growth process of the na-
nostructures in question are modified in order to reduce the spatial
density of the nanostructures in a way that only one structure is con-
tained in the probing area. However, this creates an artificial or at
least a different growth process and is not always possible.

On the other hand there is a great need for optical and spectroscopic
analysis of nanostructures, as has already been demonstrated for
bulk semiconductors, in order to determine the electronic and vi-
brational properties. Because of confinement effects they will be
different from those of the bulk and thus open the possibility to test
the fundamental theoretical aspects as well as envision new techno-
logical applications.

Of course sufficient spatial resolution is clearly provided by scan-
ning probe microscopes (SPM). The STM (scanning tunnelling mi-
croscope)![3] in particular is an extremely valuable tool for study
the nano-structures. Already some time ago the SPM technique has
been adapted to a SNOM (Scanning Near field Optical Microscope)
where the sub-wavelength resolution obtainable using optical glass
fiber tips with a small apertureq100nm) was exploited [4]. Spatial
resolution in the nm-range was obtained.

However, for optical spectroscopy this solution has an essential draw-
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back. The intensity that is transmitted trough the aperture depends
strongly on its size. In practice to obtain sufficient signal levels a
reasonably large aperture siz&00nm) should be chosen. On the
other hand for nanometer range resolution a smaller aperture size
is needed. Consequently a compromise is necessary to obtain suf-
ficient resolution at a reasonable signal to noise ratio|[5, 6]. Thus,
in seeking for improved spatial resolution one has a serious signal
to noise ratio problem. For Raman scattering which is our main
interest here, as a higher order optical process, this means that only
few successful experiments have been performed up to now by small
aperture SNOM on strong scattering materials [7, 8].

A few years ago, however, an apertureless version of the SNOM,
named a-SNOM, has been presented which does not have these in-
tensity problems [9]. The a-SNOM worked with a sharp silicon tip
on a AFM (atomic force microscope [10]) cantilever. In addition,
when the tip is made from materials supporting surface plasmons
in the spectral range of interest, this can lead to a strong electric
field enhancement which can be very much localized, depending on
the apex radius (sharpness) of the tip. The A-SNOM technique us-
ing this enhancement effects has been applied also quite recently
to Raman scattering with either a modified AFM with a metallized
cantilever [11] 12] or with a sharp silver tip [13] for enhanced sig-
nals from molecules and has been termed in that case Tip Enhanced
Raman Scattering (TERS) .

The goal of this work is to study nano-structures by optical methods,
especially by Raman spectroscopy. 1-dimensional nano-structures
were in the main focus because of their recently intensively investi-
gated and improved growth mechanisms. This research enabled the
synthesis of high crystalline quality, controlled orientation and size.
Samples from collaborating groups were available for our optical
spectroscopy investigations. If possible, the measurements are per-
formed on single nano-structures in order to exclude averaging of
their properties by summing contributions from different structures.
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This is achieved by using confocal microscopy spectroscopy pro-
viding diffraction limited spatial resolution in the micrometer range
(1pm).

Another important goal of this work was to design and to build a
new experimental set-up in order to extend the spatial resolution
to the nanometer range, exploiting near field optics in combination
with scanning probe microscopy (Scanning Tunnelling Microscopy
and Atomic Force Microscopy). This would enable simultaneous
measurements of topography and spectroscopy, thus permitting di-
rect correlation of morphological and optical properties. Moreover
the internal structure of nano-samples could be accessible by optical
spectroscopy.
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Chapter 2

Nanostructures

Silicon solid state devices mark the beginning of an electronic tech-
nological revolution. Most of the early semiconductor devices were
fabricated from bulk crystalline material. But as the quest for rugged
high performance and high speed devices developed, miniaturiza-
tion became important and integrated devices built on large wafers
emerged using lithography to pattern many devices per unit area.
The progress in the last three decades can be characterized by a
gradual replacement of Si devices by thin epitaxial film and multi-
layered structures (two dimensional) with special properties. These
structures have led to the development of Field Effect transistors
such as High Electron Mobility Transistors (HEMT), quantum well
lasers, optical modulatorsipi-photosensitive elements, quantum
well photo detectors, avalanche photodiodes etc. In these quasi-two
dimensional systems, most of the electronic and vibrational proper-
ties are different compared to that of the bulk crystal, mainly due
to the so-called quantum size effects. The most dramatic changes
in properties take place in the structures where the carriers/phonons
are confined in the region of a characteristic length of the order of
the electron/phonon wave function wave length.

If the motion of a particle (or quasi particle), e.g. electron or pho-
non, is restricted in one or more dimensions by a potential well, this
particle is confined in the well because the probability to traverse the
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energy barriers is lower than to remain within it. When the confin-
ing dimension is large compared to the wavelength of the particle,
the particle behaves within the confined area as if it were free. As
the confining dimension decreases and reaches the order of the wave
function wave length, the particle’s energy states are modified due
to the overlap of the wave function amplitude reflected from the bar-
riers. This is defined as "quantum confinement".

The free path length of particles in solids is usually much longer
than the particles wave function wave length. In case the confined
dimension reaches the order of the free path length no "quantum
size" effect takes place. However, other characteristics of the particle
like lifetime and mobility are affected changing e.g. the carrier and
heat transport properties.

A quantum well (thin layer) is a structure that confines in one di-
mension, a quantum wire confines in two dimensions and quantum
dot (e.g. a small sphere) in all three dimensions.

The past decade has also witnessed a revolution in the science and
technology of one-dimensional systems: semiconductor nanowires
and carbon nanotubes. These nanoscale, 1-dimensional structures
have stimulated great interest due to their importance in basic scien-
tific research and potential technological applications . Many unique
and fascinating properties have been proposed and demonstrated for
a class of materials such as metal-insulator transition, superior me-
chanical toughness, high luminescence efficiency, enhancement of
thermoelectric figure of merit and a low lasing threshold. These one
dimensional structures can also be used as the building blocks to
assemble new generations of nanoscale electronic circuits and pho-
tonics.
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2.1 Electronic and optical properties of nano struc-
tures

Electronic and phonon confinement have been the subject of exten-
sive studies in the past decade. The electronic quantum size effect
is mostly detected as a shift of the interband absorption or lumines-
cence peak to higher energies|[14]. This is normally observed in
guantum wells, quantum wires or in quantum dots.

Low dimensional systems with one (quantum wells) and two dimen-
sional (nano wires) confinement have a mixed discrete-continuum
energy spectrum associated with a 1- and 2- directional confinement
axis and a 1- and 2- directional energy continuum respectively asso-
ciated with other two dimensions (Fig. 2.1). Quantum dots show a 3-
dimensional confinement which makes their electronic state density
single atom like, only discrete electronic states are available. The
lateral quantum confinement can be used to tune physical properties,
such as the band gap. The discrete electron energy spectrum of the
quantum dots results in optical spectra with narrow lines [(Fip.2.2).
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Figure 2.1: Size dependence of electronic density of states. Reduction in
size in one or more dimensions cause a discrete energy spectrum.
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The broadening of the photoluminescence lines, each belonging to a
specific transition, is mainly caused by non uniform size distribution
of the quantum dots.

But also more fundamental changes in optical properties can be ex-
pected. For example, theoretical investigations of the optical prop-
erties of free standing 1-dimensional Si structures predicted a direct
band gap characteristic, for an indirect band gap semiconductor (Si)
which is diameter dependent [15,/ 16]. This has been demonstrated
In Si nanowires, where a blue shift in the band gap was shown de-
pendent on diameter. The dependence of the optical properties on
the diameter of a quantum dot has been also demonstrated for exam-
ple on colloidal CdS and CdSe quantum dofs [2] .
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Figure 2.2: Photoluminescence spectrum (a) and schematic electron
states (b) from InGaAs quantum dots embedded in GaAs. Due to 3-d

confinement discrete electronic states are established in the quantum dot.
The discrete energy transitions result in an optical spectrum with narrow

photo luminescence lines. The broadening of the lines is due to the non
uniform size distribution of the quantum dots.
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2.2 Nano structure growth

Currently, two bottom-up approaches for the fabrication of free-
standing low dimensional nano structures are exploited: selective
area epitaxy [17] (SAE) and metal-catalyst assisted growth through
the so-called vapor-liquid-solid (VLS), as discovered over 40 years
ago on the micrometric scale [18] and recently "rediscovered” on
the nanometric scale. The first method exploits prefabricated or nat-
ural irregularities on the substrate surface as starting points for the
growth. The latter method relies on the alloying of a metal catalyst
(usually Au) nanoparticle with the semiconductor constituent ele-
ments, supplied through a vapor phase. The as-formed alloy acts as
an initial nucleation site for the material and further guides the na-
nowire growth. The diameter of the nanowire is correlated to that of
the metal nanoparticlé [19].

The VLS growth mechanism was first proposed by Wagner and co-
workers [18] for semiconductor whiskers growth. The whiskers
grown by this mechanism in a Chemical Vapor Deposition (CVD)
apparatus were tens of microns in diameter and scaled with the di-
ameter of metal particles used to nucleate the whiskers growth. To
produce structures of few nanometers in diameter (< 10nm) and tens
of um long, precursors leading to a particle size of 4-20nm have
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been developed. The semiconductor feed stock can come from CVD
or laser vaporization. The VLS growth mechanism has success-
fully been used to fabricate elemental (e.g., Si and Ge), binary (e.g.
GaAs) and ternary compounds (e.g. AlGaAs nanowires [20, 21]).

The VLS growth mechanism is a vapor-phase based synthesis me-
thod. Among all the vapor-phase methods, VLS is one of the most
successful and widely used techniques in synthesizing single crys-
talline and polycrystalline semiconductor nano-structures in large
guantities. In the Pulsed Laser Vaporization procedure, which is
considered the most precise and clean to date, the VLS growth mech-
anism is a three step process: 1) a semiconductor/metal target is ab-
lated by the laser to generate the plume which contains metal rich
molecular-clusters of semiconductor/metal and semiconductor va-
por. 2) the cluster size develops, absorbing semiconductor vapor
and becomes supersaturated. 3) the excess semiconductor then pre-
Cipitates at the metal particle surface and form the wires.

In summary, a number of synthesis techniques, such as pulsed laser
vaporization, chemical vapor deposition , laser-assisted chemical va-
por deposition, lithography, sublimation, thermal evaporation, ther-
mal oxidation, chemical and electrochemical processes, hano-channel
templates, etc., have been developed to fabricate novel nano struc-
tures of semiconductors. So far, chemical vapor deposition, pulsed
laser vaporization and chemical vapor deposition are the most widely
used synthesis techniques.
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Chapter 3

Vibrational Properties of
Semiconductor nano-structures

Electronic and phonon quantum confinement have been the subject
of extensive studies in the past decades. The electronic quantum
size effect is mostly detected as a shift of the interband absorption
or luminescence peak to higher energies. This is normally observed
in quantum wells, quantum wires or in quantum dots. However,
here we focus on vibrational properties and size-induced phonon
confinement effects.

For O-dimensional nano-structures there are many systematic exper-
imental investigation of size dependent Raman shifts. In[Fig. 3.1 an
example of such a study on Ti@nd SnQ low dimensional crystal-

lites is shown. A large number of such investigations was possible
because of the early availability of the samples, especially oxides
and colloids (CdS, CdSe). Also in the case of quasi 2-dimensional
structures some studies were performed, dealing mainly with the in-
terface modes between different material layers and zone folding
effects (e.g.[[25]). For quasi 1-dimensional structures, however, not
many systematic measurements on phonon confinement size depen-
dence are known. This is maybe because the controllable growth of
such nano-structures was not yet available.

Prior to the experimental nano-structure investigations, some pre-
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dictions of their vibrational properties had been made (surface vi-
brations). For bulk materials theoretical calculations became a re-
liable method of predictions of vibrational frequencies and are in-
dispensable for interpretation of experimental results. Because the
crystalline structure of nano-structures is very similar to that of the
bulk the calculations for their lattice vibrations are based on methods
established for the bulk.

Two classes of theoretical approaches are used for vibrational prop-
erties. The more common approach is the matter model as a macro-
scopic continuum dealing with its dielectric and mechanical proper-
ties on the macroscopic scale. Another possibility is the microscopic
approach: the atomistic matter model in which interatomic forces
are considered. The latter atomistic approach can be based on sim-
ple (but reasonable) assumptions for the interatomic potential (em-
pirical potentials, parameters from experiment or other calculations)

all
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Figure 3.1: Crystallite-size-dependent Raman frequency shift of the
Al, mode relative to bulk frequency. The empty squares represent
nano-crystalline rutileSnO, [22], solid diamonds represent rutiléiO,
Ref.[23], and the solid curve is a phonon confinement model prediction
for rutile SnO, [24] and [22]. Figure taken from Ref.[23].
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within the framework of classical Hamiltonian theory (for overview
see e.g. in[[26]). More sophisticated (and expensive in terms of
computational effort) is the consideration of the quantum mechani-
cal nature of interatomic interactions treating the electronic structure
(parameter free model, "ab-initio" [26, [27]). In the first part of this
chapter some examples on macroscopic and microscopic models for
nano-structures will be given in order to describe the potential of
modern computational techniques to calculate vibrational frequen-
cies of nano-structures. Moreover a phenomenological model based
on known bulk vibrational properties modified by low dimensions
arguments will be discussed.

The second part of this chapter is dedicated to the phonon spec-
tral line shapes of nano-structures. A phenomenological line shape
model based on the k-relaxation hypothesis will be discussed. The
aim of this model is the connection of phonon confinement with the

experimentally observed asymmetric line shapes in nano-structures.

Since temperature substantially influences phonon line shapes a treat-
ment of modifications of vibrational properties by thermal effects is
indispensable. From the experimental point of view consideration of
those effects is crucial since experimental conditions have a strong
impact on the temperatures of nano-structures. The effect of an in-
homogeneous temperature distribution in nano-structures during the
measurements will be discussed. Moreover an anharmonic oscilla-
tor model will be presented in order to account for the asymmetric
line shapes.

3.1 Simple atomic chain model

The 1-dimensional atomic chain is a simple model system for treat-
ment of the collective vibrations (phonons) with simple mechanical
equations. The atoms are approximated by masses and the complex
interaction between them is simply replaced by spring forces. The
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low dimensionality is introduced by means of alternating slices of
different materials. The use of periodic boundary conditions (the
chain is infinite in one dimension) surely does not reflect the nano-
metric extent of the nano-structures. A realistic assumption would
be a finite structure with either fixed ("clamped") or free outer atoms.
The linear chain model contributes to understanding of some impor-
tant features of phonon confinement. However, though it is a very
simplified model, it represents a simple mechanical model known
as the mass-and-spring model![28] which considers the interaction
of more than the next neighbor atoms. A longstanding discussion
if either "free" or "clamped" boundary conditions correctly approx-
imate the vibrations in nano-structures is tackled for instance in
Ref.[29]. According to the results in this publication the optical
phonons are correctly described by "clamped" boundary conditions
while the correct acoustic phonon calculation are subject to free con-
ditions. As far as surface vibrations are considered it is obvious
that only free boundary conditions can be used for their calculations
since primarily the surface atoms participate to this kind of vibra-
tions.

In Fig[3.2 a linear chain model consisting of materials AB and BC
is shown. The simplest approach in order to describe the vibrations
in the chain is the consideration of only nearest-neighbor atomic

AB BC AB
M, M, M,
— NOWONSWOWWOWW —
k A B ¢ K
a/2
ma/2

Figure 3.2: 1-dimensional model of alternating layers of materials AB
and BC.
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interactions, neglecting long range forces. The equations of motion
for atoms 1 and 2 in the layer are:

d*Uy(m$) a a a
2 (3.1)
MZ%W = —K{2U2(mg) — Uy[(m + 1)%] = Ul(mg)}
(3.2)

where M is the mass of the corresponding atéinis the displace-
ment of the atom along thez direction, K is the elastic constant, a/2
is the monolayer thickness amadthe monolayer number. Solving
this equation set (e.g. in [30]) the phonon dispersion relation for the
material AB is obtained (Fig.3.3(a)):
a (M1w2—2K)(M2w2—2K) —2K2

cos(kg) = K2 (3.3)
wherek is the the phonon wave vector. From the calculated disper-
sion relation the generation of a reduced Brillouin zone is evident
with ¢, = 75, smaller than the conventional Brillouin zone with
qmaz = 5. Therefore both optical and acoustic phonons are confined
within this reduced Brillouin zone.

For a periodic structure made of layered materials AB and BC, acous-
tic phonons propagate in both materials but their acoustic phonon
dispersion branches are folded within the reduced Brillouin zone
showing a zigzag-like dispersion relation (Fig|3.3(b)(c)) given by

equatiorj 3.4

V10U m
= d(—=— 2 — 3.4
d1U2+d2U1)(q+ Trd)7 ( )

wherev; andw, are the speed of sound in the two media respectively.
Optical phonons also show a well defined confinement within the
reduced Brillouin zone, but in this case, optical phonons of the ma-
terial AB cannot propagate in the adjacent layer of material BC and
vice versa. The optical phonon states of AB and BC materials are

w
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the forbidden in BC and AB layers respectively because of the dif-
ferent eigen frequency states. The wave amplitude is rapidly damped
just after the interface in these materials. Hence a particular optical
mode can be represented by a standing wave within the layer (nearly
no dispersion occurs in the optical branches). The quantized phonon
wave vectors:, for the two layers can be written as:

TTm T
= and ko =
dy + 6 27 Ay + 6

ki

wherem is the quantum number ad 1 is the penetration depth.

In Raman spectra of thin layers (quantum wells), lines belonging to
interface phonons also appear. These vibrations propagate along the
interface and the relationship between phonon frequencies is given
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wheree;(w) are the dielectric constant of the materials ahdhe
layer thicknesses. It is evident that the Raman shift depends strongly

on the layer thickness.

Optical and acoustic phonon modes are affected by low dimension-
ality in a different way. Some acoustic modes are visible as low
frequency lines with Raman spectroscopy, but in nano-structures,
the LA and TA modes can be folded within the mini Brillouin zone
giving a zigzag dispersion relation. Hence, the phonon frequencies
appear as several doublet peaks that are relative to the points on
folded acoustic branches close to fhgoint, still away, however,
from the mini-gaps which open at = ‘“TT”

Confinement of optical phonons in a planar layer leads to the appear-
ance of a series of additional peaks at frequencies different from than
of the bulk zone center line. Because for the dispersion of optical
phonons is negative (for most diamond- and zincblende type materi-
als) the position of confined optical phonons is shifted toward lower
frequencies. The frequency shift depends on the size of the nano-
structure due to the quantized wave vector which is antiproportional
to the size (EQ.3]5). The smaller is the structure the larger are the k
values. Intuitively this results in lower frequencies for smaller struc-
tures in case of the negative phonon dispersion. The Experimental
and theoretical results show that the lower is the size, the higher is
the confinement, thus, the higher is the shift to lower wavenumbers.

(3.5)

3.2 K-relaxation phenomenological model

Confining a phonon of wave vectéy in a nano-structure of size
L requires the superposition of many bulk phonons covering the
rangeAk ~ 1/L. This result is essentially a manifestation of the

23



uncertainty principle: i.e.1 ~ AkL. This range ofAk of "ac-
tivated" phonons should lead to a broadening and shifting of the
nano-wire phonon Raman band relative to the band symmetry in the
bulk. However, for this effect the phonon mean free path should be
larger than the nano-structure size in the propagation direction. For
real nano-structures with high numbers of dislocations or impurities
this does not need to be the case since this is the limiting factor for
the mean free path. It is also limited by strong anharmonic interac-
tions between the phonons leading to shorter lifetimes and therefore
smaller mean free paths. To quantitatively understand these changes
in Raman activity, schematic phonon bands are shown ifi Fjg.3.4(a)
associated with the bulk. Assuming all optical branches as shown
are Raman active at the zone center, two Lorentzian Raman lines
would be observed for the bulk solid associated with the k = 0 pho-
nons at longitudinal and optical branches. Due to the degeneration
of the phonon branches at tlepoint (e.g. in elemental semicon-
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Figure 3.4: Schematic explanation of contribution to the Raman scatter-
ing from the bend phonon dispersion branches due to the k-conservation
relaxation. a) Schematic phonon dispersion, the inset represents the
Gaussian weighting function for the contributions with different k val-
ues around thé& point. b) By k-conservation relaxation model (Eq}3.6)
calculated Si phonon line shapes for nano-wires of different diameters.
The Si bulk line is shown for comparison.
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ductors) only one line would appear in the first-order spectra. In a
nano-structure, with diameter L, this selection rule can be broken
due to momentum transfer tho the whole structure (in order of 1/L)
and phonons around the center of the Brillouin zone contribute to the
spectra. The phonon line shape in the spectra depends now on the
dispersion of the modes which is mostly either negative (decreasing
frequency). A softening and asymmetric broadening to the lower
frequencies is expected.

Following this model the quantitative spectra line shape is expected
to be a weighted sum over the phonon frequency continuum around
the Brillouin zone center. To fit the experimental data a weighting
function is introduced in order to describe the assumably different
contributions from thd’ point and around it. The expression often
found in literature[[31, 32] is:

B 21 /a C(0, k) Bk
1= | (@ —w(k))? — (12 (3:6)

where k is the momentumy is the frequency] is the reciprocal
phonon life timew(k) is the phonon dispersion relation antis

the weighting function. In many publications the weighting func-
tion is assumed to be a Gaussian distribution considering the con-
finement in one direction (nano-wires) although the original con-
cept [32] is suitable for symmetric (quantum dots) and asymmet-
ric nano-structures with asymmetric confinement (ellipsoids). Func-
tions other than the Gaussian distribution were also taken into con-
sideration (e.g.[[23, 33]). In F{g.3.4(b) the phonon line shape cal-
culated by E.3]6 is shown. An approximation for the dispersion
relationw(k) in terms of (A + B cos(7k/2))"/? is used with the
parameters A,B obtained from fitting the neutron scattering data.

The expression in Eq.3.6 is widely used in order to describe the Ra-
man line shape [33, 34, 35,136] of nano-structures and to extract the
size of the nano-structure by line fits with the size as a fit parameter.
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Often itis referred to as the "Phonon confinement model". Attempts
were also undertaken in order to explain the second order spectra of
nano-structures by this model [37].

It is common in phenomenological theories of nano-structures that
bulk properties (crystal structure, phonon dispersion relation, dielec-

tric constants, inter atomic distances) are used in order to explain
nano-structure properties. Even though this might be justified for

larger nano-structures (>10 nm) where the bulk-like core volume is

dominating, smaller nano-structures and the surface effects require
other approaches since their properties can differ significantly from

that of the bulk.

3.3 Continuum models

Simultaneous solution of mechanical continuum equations and Max-
well equations in the electrostatic limit [38, |39] provides phonon
dispersion relations for bulk, surface and nano-structures. The ad-
vantage of continuum models is that they provide explicit analyti-
cal expressions for eigenfrequencies, displacement eigenvectors and
Frolich interaction Hamiltonians. The reason for this is the consider-
ation of macroscopic fields which are important for long range inter-
actions. In microscopical mechanical models only short range forces
within the interatomic potential are considered. In continuum mod-
els the parameters are determined by using bulk properties (phonon
dispersion, dielectric constants) assuming that they do not change
because of the low dimension. This could be reasonable for nano-
structures with sizes above ca. 10 nm, even though nano-structures
(in the size range below approx. 3 nm) might have parameters de-
viating significantly from those of the bulk (eg. phonon dispersion
relations [40]).

Rigid and free boundary conditions can be used for the solution of
the mechanical and electrostatical differential equations. Either the
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mechanical or the electrostatical fields are fixed at the surface of
the structures. In the bulk, confined modes are described well by
"rigid" boundary conditions, but it is impossible to describe the in-
terface modes because of static conditions on the surface. Under
free boundary conditions the continuity of either the mechanical or
dielectric fields is not conserved. Relaxation of the rigid boundary
conditions has been successfully applied, however leading to good
agreement with experimental data.

In polar crystals the longitudinal optical phonons are accompanied
by a macroscopic electric field (this field causes zone-center splitting
of LO and TO phonon frequencies). Therefore vibrational modes
can be calculated within the dielectric continuum model [41] for
structures which have a well defined local dielectric constant. An
example for such a calculation is shown in Fig|.3.5. Significant pho-
non line shifts with respect to the bulk phonon frequency occur only
for small dimensions of the nano-structures(R).

GaAs dot in AlAs matrix

o4 LI | t i 1
10 20 30 40 50

Figure 3.5: Phonon energies as a function of the size of the GaAs quan-
tum dots embedded in an AlAs matrix (from Ref/[39]) calculated by di-
electric model. Only the spherical (I=0) modes are shown. The quantized
parameter n (from modified Bessel functions in the solution) can be asso-
ciated with a possible standing wave within the nano-structure.
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Figure 3.6: Calculated Raman shifts
with respect to the frequency of the op-
tical phonons at the zone center. TO
phonon of freestanding Si quantum dots
(circles) and nanorods (squares) are cal-
culated by partial density approach [46]
from [43]. The lines are fits bAw =
—A(a/L)", wherea is the lattice con-
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In wurtzite nano-crystals the phonon modes can differ substantially
from those in zincblende nano-crystals due to the uniaxial anisotropy.
Therefore anisotropic materials require modifications of the model[42].

3.4 Microscopic theories

To simulate a nano-structure within the atomistic approach where
the standard periodic condition can not be applied because of the fi-
nite size(it can be applied only in non-confined directions) the whole
structure has to be modelled. Obviously only very small nano-structures
(clusters with few atoms)can be modelled because of large compu-
tational effort. However, by applying some approximations (e.g.
[29,43,/44] 45]), a treatment of nano-structures consisting of some
hundred atoms seems possible (quantum dots and columns of few
nanometer size). Even though the nano-structure size is still limited
to a few nanometers such calculations seem to be more reliable from
the methodic point of view then by continuum models, especially for
small nano-structures (sub-nanometer, nanometer range). [In Fig.3.6
phonon frequency calculations performed by the bond polarizability
model [47] are shown (from_[43]) with force constants calculated
by the partial density approach [46]. The size dependency of the
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phonon frequencies confirm qualitatively the results from contin-
uum model calculations. The phonon dispersion relation calculated
by this more expensive model already appears to be "smeared out"
for particle size of about 3 nm in contrast to well defined bulk pho-
non dispersion relations used for continuum model calculations.

3.5 Quantum mechanical model

What previously described models have in common is that they rely
on material parameters which have to be used in the calculations.
Thus some estimations and assumptions have to be made before the
calculations are performed. In principle any reasonable model with

a sufficiently large number of parameters can lead to a good fit of
the phonon dispersion curves or the phonon line shape.

The ab-initio (also known as first princip) approach is a method
that does not rely on parameters from experimental results and is
based on quantum-mechanical theory. Instead of modelling the in-
teratomic forces by empirical models a quantum-mechanical prob-
lem including all electrons and nuclei has to be solved. This many
body problem can be reduced by the Born-Oppenheimer approxi-
mation and further simplified by Density Functional Theory (DFT).

In order to determine the vibrational frequencies of the crystal struc-
ture two ab-initio approaches are commonly used: the frozen pho-
non method and the perturbative approach [26]. The basic idea of
the frozen phonon method is the calculation of the total energy as
a function of the atomic displacements. The force constants can be
obtained by differentiating the calculated energy. This energy has
to be calculated for displacements of the atoms within a supercell
(composed of many unit cells). Large supercells are necessary in
order to model the vibrations with displacements which cause a re-
duction of symmetry. Therefore the application of this method is

restricted to high symmetry wave vectors because of high computa-
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tional effort for large supercells. The need for large supercells can
be avoided by using the perturbative approach [27]. This is based
on the fact that the distortions associated with the phonons can be
represented by a static perturbation acting on the electronic states.

DFT based approaches have the advantage that the electronic states
are treated together with the vibrational properties, since the main
application field of DFT and similar approaches are the structural,
electronic and optical properties. A "global” treatment of many par-
allel existing effects can be applied by this theoretical approach. Be-
cause of the already mentioned computational effort fields of appli-
cation in solid state physics are limited mainly to periodic struc-
tures (infinite crystals) with a elementary cell containing at maxi-
mum only a few hundreds of atoms.

For small nano-structures<(2nm), however, the symmetry is al-
ready disturbed by non-infinite boundary conditions. It seems that
in this case the whole nano-structure (in case of QD) or a cross sec-
tion in confined direction (slice of nano-wire or nano-tube) should
be modelled.

Only few calculations by this extensive ab-initio model are available
up to now, mainly for thin layered quantum well structures (e.g. [48,
49]). It is desirable that more systematic ab-initio calculations of
vibrational properties will be performed in the future.

3.6 Thermal effects on the phonon line shape

Up to now the changes in phonon frequency of the nano-structures
with respect to bulk were discussed. But the phonon line shape pa-
rameters like line width and asymmetry also contain information on
the vibrational properties. In bulk materials, the broadening of these
lines is inversely proportional to the phonon life time. Thus the eval-
uation of the line widths provides information on the free path length
and anharmonic decay processes. Stress and defects in crystals in-
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fluence the line shape as well.

The Raman line shape for the bulk can be expressed in a simplified
form as [50]

I(T)
(W(T) = w)? + (T
with I'(7") as the half width of the line at the half maximum, given
by (following the notation in([51, 52, 53]):
2T 1o(T) = A[l +n1 +no] + B [1 + 3n3 + 3n3], (3.8)

whereA + B is the LO line width at T = 0K A treat the influence
of a decay into two phonons whilB treats the case of decay into
three phonons. The occupation number3 for the phonons which
are involved in the decay process (, i=1,2,3) are given by:

1

o hw?, 1'

«p | Zac ) _

P\ kst

Similarly the frequency shifts can be described with

w(T) = wy— AV(T) - A®(T), (3.10)

T
AD(T) = OO (exp <—37TO’LO(q = O)/ a(T’)dT’) — 1) ,
0
APT) = C[1+n+ny,

I(T,w) (3.7)

(3.9)

n; —

where A(T)) is the term describing the line shift through ther-
mal expansion and(7) is the linear thermal expansion coefficient
used for the numerical calculation ﬁf o(T")dT'. They9(T") and
7TO(T') are the Griineisen parametersA? (7)) is the energy shift
resulting from multiple phonon decays, taking into account the con-
tribution of anharmonicity up to the fourth order, is the phonon
frequency at T=0 K.

It is clear that the phonon line frequency and line width are temper-
ature dependent. (Fjg.3.7). From [Eq}3.7 it is also clear that the line
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Figure 3.7: Sibulk TO phonon temperature dependent Raman shift (filled
squares) and the line width (empty circles).

shape of the bulk phonon line corresponds to a symmetrical Lorentz
line.

In Chapterf 4.4 measurements on Si and GaAs nano wires will be
shown where the line shape of the phonon lines is asymmetric. Of
course asymmetric line shapes appear also for bulk materials for
example as Fano line shapes![54]. But strong doping and a near
resonant laser excitation is required in order to favour the coupling
between the phonon states and the electronic continuum. The k-
relaxation model (CH. 3 2) generates an asymmetric line shape. But
since the line asymmetry in measurements (Ch| 4.4) changes with
the applied laser power the temperature effect has to be considered
additionally to the k-relaxation model. There are few proposals to
modify the k-relaxation model introducing variable line shifts and
widths due to increased temperature temperature. This, however, in-
creases the number of parameters in the model and complicates the
interpretation of the results. In the following possible explanations
for this phenomena based on the temperature increase of the nano-
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structures during the measurement will be given.

Due to the weak cross section for the Raman scattering process,
considerable laser power densities are necessary to obtain phonon
spectra from nano-structures. The strong focussing of the excit-
ing laser light, necessary for the spatial resolution on the limit of
the diffractional optics, increases dramatically the power density
(10—1000kW /cm?). This can lead to heating of the nano-structures
with respect to their environment temperatures due to light absorp-
tion. Especially in case of strong absorbing materials, much of the
laser power is absorbed, while for nano-structures made of trans-
parent materials the influence of the increasing laser power on the
spectra shape is not significant (Fig|4.5). Due to the heating, an-
harmonicity induced effects on the vibrational spectra of absorbing
material nano-structures are expected:

« the frequency of the lattice vibrations is reduced according to
the lattice expansion and anharmonicity of the crystal potential.

» The lifetime of the phonons is reduced due to the increased
number of phonon-phonon interactions because of a higher oc-
cupation number (many phonons), leading to the increased line
width appearing in the spectra.

These effects have been thoroughly investigated on bulk solids, ex-
perimentally as well as theoretically (see above). For bulk solids
the illuminated spot is usually much smaller than the sample size.
The heat conduction (of course dependant on material heat conduc-
tion properties) from the spot into the surrounding material prevents
a significant local increase of temperature. In order to observe the
above mentioned effects due only to the incident laser beam heating
very large power densities are necessary [55]. Nano-structure em-
bedded into or onto bulk matrices (QW, QD or NW on surfaces) do
not suffer a dramatic temperature increase, just like in the bulk. In
the case of freestanding nano-structures no surrounding bulk mate-
rial is available. The heat transfer from nano-structure to the bulk is
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Figure 3.8: Calculated Si nano-wire Raman line shapes at different heat-
ing power. The shift and the asymmetric broadening of the lines is due to
the non homogeneous temperature distribution within the wire. A gaus-
sian power distribution is assumed within the excitation focus. Assigned
temperature values indicate the maximum temperature in the center of the
excitation spot. The temperature decreases to 300 K outside of the laser

spot.

essentially reduced. The thermal radiation and heat transfer to the
surrounding air are not sufficient to compensate laser power heating
in order to keep the nano-structure in thermal equilibrium with the
environment. Temperature increases of several hundred K can be
generated using already comparably low laser power.

3.6.1 Inhomogeneous temperature distribution due to the laser
spot heating

Inhomogeneous temperature distribution in low dimensional struc-
tures may lead to effects on the phonon line shape. Contributions to
the signal of different broadening and frequency shifts with respect
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to the bulk line shape at room temperature may be expected.

The temperature distribution within the nano-structures that are illu-
minated and thus heated up by the focused laser light might be inho-
mogeneous because of two reasons. The power distribution within
the laser spot is not uniform but will correspond roughly to the Gaus-
sian function. The second reason is that due to the low dimensions of
the nano-structures, reduced heat is transported from the illuminated
area to the surrounding media.

Because of approximately Gaussian intensity distribution within the
laser focus a similar power density distribution along the nano-wire
can be assumed. The resulting line shapes at different laser powers
are shown in Fig.(3]8). The lines are asymmetric and shifted to lower
wave numbers in respect to the bulk frequency. Thus the asymmet-
ric phonon line shapes from nano-structures might be an effect of
the laser heating and inhomogeneous temperature distribution [56].
Especially the Raman line shapes of one dimensional structures, be-
cause of their one dimensionality (linear temperature distribution)
and comparably weak heat transport due to small cross section, are
likely candidates for this explanation.

3.6.2 Anharmonic oscillator model

Some experimental (electron microscope holography [57] ) and the-
oretical [58] results suggest that the internal electrostatic potential
inside the nano-structures is not uniform and may show consider-
able gradients. Therefore the interatomic lattice potential may be
superimposed by non uniform electrostatic fields within the nano-
structure. If such field gradients exist, a non symmetric distortion
will occur in the interatomic potential. In the mechanical picture
of the lattice vibration an asymmetric potential causes anharmonic
effects. A treatment in terms of mechanical oscillations in an anhar-
monic potential that is similar to other cases (€.9.[59]) thus seems
opportune.
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Another argument in favor of dealing with the anharmonicity is the
mean free path of the phonons which is anti proportional to the life
time (at room temperature in Si bulk this is typicaly’ ps which
corresponds to a ca. 100 nm mean free path).

In nano-structures the size is one of the limiting factors for the prop-
agation distance of the phonons since it is of the same order or
smaller. The phonon life time is probably reduced, leading to broad-
ening of the phonon line.

To understand the effect of an anharmonic potential on the line shape
a simple mechanical oscillation differential equation [Eq.3.11) was
solved. To keep the mathematics as simple as possible a one particle
oscillation in an anharmonic potential was treated. The first term
is the inertial force, the second term is the force from the potential,
dependent on the deflection r, whereas the energy dissipation is con-
sidered in the third term, which is proportional to the "velocity" of

Anharmonic
i C =20 Morse potential
~
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4 Wmin /
_ ro //
7 C =10 — 7

atomic distance

Figure 3.9: Morse potential ad its parameter dependent behavigr.
determines the asymmetry of the potentidl,,;, determine the potential
barrier and is independent frofi,,. rq is the initial oscillation ampli-
tude and is not a potential parameter but it is defined with respect to the
potential minimum.
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To describe the anharmonicity of the studied system, for many cal-
culations the Morse potential is applied (Eq.3.12). The asymmetry
of the potential can be controlled by changing the anharmonicity
factor C,,,. The depth of the potential is expressed troligh. A

very useful feature of the Morse potential is the fact that the vari-
ablesC',,, andW¥,, are independent. It means that the variation of the
potential depth does not distort the potential asymmetry.

2
V(r) = W (1-e00) 4w, (3.12)

The qualitative behavior of the Morse potential according to its pa-
rameters is shown in F[g.3.9.

The time dependent amplitude of the damped oscillation is calcu-
lated numerically in real space using the following boundary condi-
tions:

b
=r(0)=0;  r(0)=0 (3.13)

A numerical solution algorithm using a Fehlberg fourth order Runge-
Kutta method with degree four interpolant proved to be reasonable
in terms of accuracy and calculation time.

The Fourier transform of the real space vibrations yields the fre-
guency spectra of the calculated vibration. Five parameters in total
are used in this model; - initial amplitude, M - particle mass, R -
dissipation factorlV,, - potential depth(”,,, - potential anharmonic-

ity.

The parameter of the Morse potential can be interpreted in terms of
modelled system physical properties:

» Due to the increase of temperature the atomic distance increases
leading to the increase of the potential deft}.

* The initial amplitude of the atomic vibratiofy increases (higher
vibration energy in classical picture).
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» Because of the higher phonon occupation number the interac-
tion between the phonons leads, in classical picture, to faster
energy dissipation, and hence, an increase of the dissipation R.

It seems to be reasonable that by using these parameters a tempera-
ture dependent behavior of the oscillation can be simulated. The in-
fluence of the parametelg,,, 7o and R on the calculated line shape

is shown in Fig.3.1]1. As expected, by increasing the dissipation fac-
tor (damping constant in the differential equation 8.11) the intensity
decreases and the line is only slightly symmetrically broadened. In-
creasing the potential depillr,, increases the force applied to the
oscillating particle and therefore increases only the oscillation fre-
guency. The initial amplitude, causes the most interesting effect
on the line shape. It broadens the line asymmetrically and it even
causes a splitting of the line for high initial amplitudes. To fit the
parameters for the asymmetric line shapes from an experiment the
symmetric line of the bulk phonon is fitted first. Keeping fixed all the
other parameters (potential asymmetry and particle mass) the three
parameterdV,,, R, ro are then changed in order to fit the asymmetric
lines shapes of the nano-wires.

This very simple model was successfully applied for fitting the tem-
perature dependent Raman line shapes of Si nano-wires[in Ch.4.4.
The parameter®/,,, R, ro were changed in agreement with the in-
creased temperature: potential depithis were increased, the dis-
sipation factor was increased as well as the starting oscillation am-
plitudery. In spite of the model (a simple one particle oscillation in
an anharmonic potential) the fits are promising. Though the numeri-
cal values of the fit parameter are meaningless the qualitative trends
strengthen the hypothesis that the crystal anharmonicity in connec-
tion with the increased temperature may cause an asymmetric line
shape of nanostructures.
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Figure 3.11: Calculation of line shapes by the anharmonic oscillator
model. Dependency of the line shape on model parameter is shown by
variation of a single parameter. (a) By variation of damping parameter R
mainly the intensity is affected. (b) The initial oscillation amplituge
influences the broadening. (c) The frequency shift of the line depends on
the potential depthl,,.
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Chapter 4

Micro Raman Measurements from
Semiconductor nano-structures

In Micro-Raman the diffraction limited spatial resolution of several
100 nm is best approximated by a confocal optical microscope [60].
Despite recent developments of methods beyond the diffraction limit
(Ch[5) this is still the most widely used technique for high spatial
resolution spectroscopy. By using pinholes in the image planes of
the microscope lens the diffraction fringes are suppressed and the
lateral resolution improves by a factor of aba(R at best. A techni-

cal realization of a confocal microscope for use in microscopy spec-
troscopy is shown in parts of Fig. 6.1.

First, in this chapter measurements with diffraction limited spatial
resolution (Fraunhofer) callddicro-Ramanscattering will be shown.

In the next chapter the development of the near field spatial resolu-
tion Raman scattering set-up (the so caNatho-Ramanscattering)

will be presented.

The illuminated region in general includes several nano-structures
being randomly distributed and oriented due to the growth proce-
dures (Fig.[4.]1). In general the nano-structures in the laser fo-
cus will have different properties due to size, shape and orienta-
tion (Fig[4.1b). Deriving well defined properties of single nano-
structures by means of measurement averaging over several different
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structures is therefore difficult. Even if a single nano-structure can
be isolated the entire nano-structure will contribute to the signal.
Hence its internal structure e.g. hetero-junctions or inhomogeneities
(defects, stoichiometry) still remain indistinguishable. Furthermore,
only a small part of the laser light excites the nano-sample. Thus
severe intensity and signal-to-noise ratio problems in single nano-
structure measurements might be encounted. Consequently micro-
Raman has been applied up to now mainly to nano-materials with a
large Raman cross section.

In spite of these drawbacks, information on the phonon frequencies
can still be extracted and quite a large number of data have been
published. This concerns first of all data on carbon nanotubes [61,
62,063/ 64, 65]. We present in this section some examples performed
on the 1-d nano-structures shown in Fig.4.1. As indicated by the
white circles, which indicate micro-Raman spatial resolution, the
spectra represent averages over several nano-structures.

4.1 Raman scattering

There exist many reviews on Raman scattering in solids dealing

with the basic features of this process which includes two photons
(incident and scattered) and an elementary excitation of the solid
[25,66,67]. Resonant phenomena, especially important for nano-
structures with their small scattering volume, have been treated in
Ref. [68,[69]. The basic features of Raman scattering from vibra-

tional excitations in nano-structures are similar to those of the bulk

and independent of the dimensionality of the system. This concerns
the experimental techniques, the kind of selection rules, resonance
phenomena and other properties. For this reason we will confine
this section mainly to a short summary of these general properties as
they have been discussed in several reviews dealing with bulk sys-
tems [67] 68, 69]. We will point out the modifications occurring in
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Figure 4.1: Nanosamples from which spectra are shown in this section.
The white circles represent the spatial resolution of the micro-setup: (a)
GaAs nano-rods grown on a GaAs(111) substrate by the VLS growth pro-
cess[[20]. The diameter of the nano-rods ( 60nm) corresponds essentially
to the size of the gold nano-droplets deposited on the substrate for nucle-
ation purposes. (b)- ZnO nano-wires grown by thermal evaporation. The
size and the shape of the nano-structures vary in a wide range dependent
on the position on the sample.

lower dimensional systems.

The main difference between Raman scattering from bulk systems
and lower dimensional systems is that the latter have electronic states
and vibrational properties different from the bulk. While these dif-
ferences do not cause any principal limitations, the small number
of atoms present in the lower dimensional systems turns out to be
the main experimental obstacle. As a result the scattering inten-
sities are low and the experiment needs to be carefully designed.
Besides standard optical measures such as high aperture, optimized
collecting optics for the scattered light between the sample prepa-
ration chamber and the monochromator, it turns out that the main
advantage comes from the exploitation of cross sectional resonance
enhancements (Resonance Raman Scattering). For this reason pre-
vious knowledge about the electronic band structure is extremely
helpful and quite often the choice of photon energies is the decisive
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parameter for a successful experiment. Vice versa, the experiment,
which first of all is supposed to determine vibrational properties, al-
lows also to gain information about the electronic states by using
different laser lines for excitation.

In the Raman scattering process a certain amount of energy is gained
or lost by an incident photon with enerdy; (inciden) in order

to create or annihilate elementary excitations of the solid, usually
phonons, resulting in a scattered photon of a different enkigy
(scattered. The amount of energy transferred corresponds to the
eigenenergyw; of the elementary excitation involved labeled by

Here the "minus” sign stands for a phonon excitation (Stokes pro-
cess) while the "plus” sign implies a phonon annihilation (anti-Stokes
process).

The momentun; transferred to the vibrational excitation is related
to the momentum of the inciderit; and scattered lighk, according
to:

hky = hk; + hk;. (4.2)

It is quite small in periodic structures when compared to the maxi-
mum possible quasi-momentum at the edge of the Brillouin Zone.
Thus one usually assumég; ~ 0. In low dimensional solids,
when the periodicity is reduced in one or more directions, the mo-
mentum conservation is of course relaxed in the reduced dimensions
because the wave vector is not a good quantum number any more.
Instead one should discuss the phonons in those directions as con-
fined modes. From the theoretical side however not much has been
published in that respect except for the 2-dimensional superlattices
[25,[70].

Of course the scattering intensity is experimentally important. This
can be expressed as dipole radiation using a generalized dielectric
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susceptibilityy (w;, ws) which is also often called Raman tensor|[71]:

WiV 5
I, = ]iw\es%x(wi,ws)ez'F (4.3)
0

wherel;, I, ande;, ¢; denote the intensity and polarization, respec-
tively of incident and scattered light.

In a microscopic quantum mechanical approach the generalized sus-
ceptibility may be described using time-dependent perturbation the-

ory [66]. The dominant term amounts to [72]:

e’ OlpaleN e |Hg_1le){e|lps|0
Z(lp\ ){€'] le){elpsl0)

(Ee — hws)(Ee — hw;)

(4.4)
wherem,, is the electron mas$; the scattering volume,, ps the
Cartesian components of the momentum operafarsk,. the ener-
gies of the excited electron-hole pair states &hg ; the electron-
phonon interaction Hamiltonian.

Eq. (4.4) includes the transition from the ground s{ajeto an ex-
cited electronic statg:) (photon absorption), scattering of the gen-
erated electron-hole pair into another stgte via electron-lattice
interaction, and finally the transition back to the electronic ground
state|0) under photon emission.

The first important feature of these two equations is that they de-
scribe scattering selection rules. In Eq.[4.3)certain tensor compo-
nents of the generalized dielectric susceptibilitiw;, w;) are se-
lected by the polarisation unit vectafs € of the light fields. From

Eq. (4.4)they are less visible but contained in the dipole matrix el-
ements. Secondly in Ed. (4.4) the brackets in the nominator shows
that the intensity can be strongly increased when the photon ener-
gies match the transition energies of electron-hole pair states. Thus
for a given material with given electronic states the choice of laser
line energy for the scattering experiment is one of the most impor-
tant parameters. In the following we describe how Raman scattering
measurements on nano-structures can be performed.

X , ((72» ((78 =
()éﬁ( ) ) 2 . ‘! .‘r
0 . e,e’
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4.2 Micro-Raman spectra on 2-dimensional struc-
tures (QW)

The larger penetration depth of light allows to reach regions below
the surface which are not accessible by the other surface techniques.
Thus Raman scattering can give information on buried layers or in-
terfaces below the surface. The following example of GaAsN layers
within a GaAs matrix demonstrates the detection of such vibrations.
GaAsN (as well as GalnAsN) with a low nitrogen content is a tech-
nologically very interesting ternary material since the addition of
N into GaAs reduces the band gap and makes it a potential candi-
date for IR optoelectronic and solar cell applications [73, 74]. It
has, moreover, the advantage that one can use the established GaAs
technology. The main experimental challenge is to introduce suf-
ficient quantities of nitrogen into GaAs and also to determine the
amount and distribution incorporated. Epitaxial growth of GaAsN
has been done by either MBE [75] or MOCVD [76]. In Fjg.]4.2 we
show Raman spectra of two different GaAsN/GaAs layer structures
grown by MOVPE with two different carrier gasesy(ldnd H) but

with nearly identical nitrogen content (4.8% as determined by X-ray
diffraction). Besides the LO(GaAs), new modes labeled LO(Ga-N)
and LO(Ga-As), appear in the Raman spectra. While the LO(GaAs)
Is generated within the GaAs spacing layers or/and the substrate,
the LO(Ga-N) has been shown by ion implantation of nitrogen iso-
topes and IR absorption measurements to be local vibrations of Ga-
N bonds|[77]. In the presence of such Ga-N bonds, which are shorter
than the Ga-As bonds, the lower frequency LO(Ga-As) can also be
explained through dilation of the surrounding GaAs leading to a
lower frequency than the LO(GaAs) [78,/79]. The occurrence of the
two modes thus shows that the nitrogen is not homogeneously dis-
tributed in the GaAsN layers, and formation of Ga-N clusters occurs.
The appearance of the TO phonon which, in the scattering configu-
ration shown, is forbidden by zincblende symmetry selection rules
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Figure 4.2: Determination of vibrational properties in "buried" structures.
(a) Schematic cross section of MOVPE grown GaAsN/GaAs layer struc-
ture with ca. 5.5nm GaAsN and ca. 9nm GaAs layer thicknesses. The
molar N content within the GaAsN layers in both samples is ca. 4.8% (b)
Raman spectra of two similar GaAsN/GaAs layer structures grown with
N, (black curve) and Ki(grey curve) as carrier gas. Additional phonon
lines appear at the positions marked by arrow in the spectra of the sample
grown in H, carrier gas (see Fig. 4.3 for details).

proves similar, that the inhomogeneous inclusion of nitrogen dis-
turbs additionally the zincblende symmetry and leads to a disorder
in the sample.

In spite of having a very similar structure and a nearly identical sto-
ichiometry, the Raman spectra in Kig.}4.2 of the two samples show a
clear difference at the positions marked by the vertical arrows. We
therefore undertook a line fit analysis of thg-ehrrier-gas-sample
Raman spectrum (upper spectrum, dotted curve) with a Voigt line
shape. The mathematical procedure results from the convolution
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Figure 4.3: Line analysis of a Raman spectra from MOVPE grown
GaAsN/GaAs (already shown in Fjg.#.2). Compared to another spec-
tra (with N, carrier gas Fif.4]2) additional lines appear between TO and
LO(Ga-As) and above LO(GaAs). The residuum for the shown fit (dif-
ference between measured data and fit function) is displayed in the lower
part of the graph.

of a Lorentzian line shape (phonon) with the instrumental Gaussian
broadening (monochromator) and is given by [80]:

2In2 0y, exp —w’

V(w) = Ag + A? — Ué_oo (@%)24—(@%_&),)

2

S do. (4.5)

with o, o, being the FWHM of the Gaussian and Lorentzian lines
andw the peak position. This procedure is well known also in many
other spectral analysis techniques. The detailed result of the fit is
shown in Fig[ 4.3. The accuracy of the fit can be judged from the
residuum (shown in the bottom of Fjg. #.3). Since this has no peak
structure and only very small values (below 1 %) the two additional
phonon lines LO(Ga-As), LG (Ga-As) appearing at the positions
previously marked by arrows in Fig. 4.2 are significant.
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The appearance of additional lines in this sample with the same sto-
ichiometry might look surprising at first glance. However, as dis-
cussed before in connection with LO(Ga-As) and LO(Ga-N), this
probably originates from different distributions of Ga-N clusters.
Even though the average macroscopic concentration is the same,
the distribution of inhomogeneities are different and create on a
mesoscopic scale additional LO(Ga-As) peaks arising from differ-
ently expanded GaAs regions (left side of LO(GaAs)) or compressed
GaAs regions very near the Ga-N clusters (right side of LO(GaAs)).
Moreover, the higher intensity of the symmetry forbidden TO in the
H,-grown-sample confirms the larger disorder.

In conclusion, for the two MOVPE samples grown under different
carrier gases it can be stated that theddrrier gas sample contains
more inhomogeneities than the{darrier gas sample. A possible
explanation for this are different growth temperatures at the sur-
face caused by the different thermal conductivities of the two carrier
gases/[81].

4.3 Micro-Raman spectra of 1-dimensional structures

Semiconducting ZnO nano-wires where prepared in the laboratories
of IMEM Parma by thermal evaporation inside a tubular reactor with
controlled gas flow. ZnO nano-wires of different shapes where ob-
tained with thicknesses between 20 and 200 nm|(Fig.4.1b). Raman
measurements presented here [Fig.4.4) were performed under non-
resonant conditions (photon energy2.7eV << E, = 3.4eV).

Thus the absorbance of the material is very low and higher exci-
tation laser power densities (up to 70 mw/?{?) could be applied
without the risk of heating effects.

The Raman spectra of ZnO nano-wires (<100 nm diameter) show a
clear difference in comparison to the ZnO bulk spectra. From the
measurements on the sample in Fig.| 4.1b) two different types of
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Figure 4.4. Raman spectra of ZnO nano-wires at different positions on
the sample (Fig[ 4]1b))in comparison to ZnO bulk spectra. (a) Type 1
spectra appear from the central region of the sample. A new line appears
in the gap between the @0) and E at approx. the 418 crmi. Moreover

the A;(TO) line is shifted by ca. 2 cmt to higher wave numbers. (b)
Type 2 spectra appearing on the borders of the sample. Only the double
phonon lines seem to contribute significantly to the Raman signal. A
narrow intense double phonon line appears at ca. 1100.cm

spectra were obtained. They are shown in[Fig.4.4a) (type 1) and
Fig[4.4b) (type 2). The shown spectra were conformed to be re-
producible at different locations on the sample. Type 1 (Fig] 4.4a)
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shows the spectra which result from the central region of this spe-
cific sample. Type 2 spectra were measured on the border region of
the sample. The two graphs are shown in comparison to ZnO bulk
spectra. In the type 1 spectra a new line appears in the gap between
the E(TO) and E and always at the same frequency. Moreover, the
A{(TO) line is shifted to higher wave numbers. Even though this
shift seems to be small it has a significant value of approx. 2'cm
and can not be a result of possible calibration inaccuracy due to di-
rect comparison of the line energies of other linesdf&d the double
phonon line at 343 cmt). According to the bulk phonon dispersion
relation of ZnO [[82], the new lines or the line shifts could be the
result of folded optical phonon branches in the directions from the
I point to the points A, M or K in the BZ.

The type 2 spectra (Fi§. 4.4b)) are very different from the previous
ones and the ZnO bulk spectra. Only the double phonon lines seem
to contribute significantly to the Raman signal. The appearance of
the narrow intensive 2LO line at approx. 1100 ¢nsuggests the
presence of a phonon selection mechanism, for example, because of
the small size (confinement) combined with an asymmetric shape
of the nano-structure (phonon k-vector selection). The fact that two
different types of spectra originate from the same sample is probably
due to the slightly different growth condition in its center and on its
borders, resulting in nano-structures of different sizes and types.

The appearance of two types of Raman spectra demonstrate the need
for higher spatial resolution. Measuring the spectra from a single
nano-structure and at the same time its topography would simplify
considerably the interpretation of the obtained data.

4.4 Thermal effects

The vibrational modes of the nano-structures embedded in bulk ma-
terials (quantum wells or quantum dot stacks) or deposited on sur-
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faces interact with the bulk vibrational modes. Free standing low
dimensional structures like nano-rods or nanotubes offer perhaps a
cleaner means for studying confinement in low dimensional struc-
tures. The goal is consequently to study the frequency and line shape
of the phonons as a function of the size and possibly also the shape
of the nano-structures and comparison to the bulk values.

One of the experimental problems in Raman scattering from free
standing nano-structures is the thermal management of the incident
laser power within the individual nano-structure since the thermal
conductance via the surrounding material is largely reduced. Thus
the exciting laser power may easily create non-equilibrium condi-
tions. This situation occurs especially in absorbing materials like Si
nano-wires. Such conditions have been already discussed for Ra-
man scattering in Si bulk under the aspect of laser crystallization
[55]. For transparent materials (large band gap) these effects, how-
ever, are not important because the laser power absorbance by the
nano-structures is not significant. Laser power normalized Raman
spectra of Sn@nano-wires (average diameter ca. 200 nm) at dif-
ferent excitation power are shown in Figj4.5. In spite of high laser
power density up tG0mW/um? no changes in the spectra appear.

In contrast to this observation the materials with lower band gap en-
ergies absorb significant amounts of the laser power. I Fjg.4.6 the
Stokes and anti-Stokes line of a single Si nano-wire at an excitation
laser power of 1 mW is shown. The Raman frequency of the Si TO
phonon is significantly lower than the bulk frequency at room tem-
perature §20.7 c¢m~!'). From this measurement the temperature
increase can be estimated by the Stokes/Anti-Stokes intensity ratio
and the frequency shift using the bulk phonon frequency temperature
dependence (Fig.3.7 and EQ.3.10). The temperature induced fre-
quency shift ofAw = 17cm ™! estimated from Fi§.4|6 corresponds

to a temperature of ca. 900 K. By evaluating the Stokes/Anti-Stokes
intensity ratio (using sensitivity corrected intensities) a temperature
of ca. 560 K is obtained. This discrepancy may be explained by
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the fact that the line shapes are distorted (asymmetry and a shoul-
der at the higher frequency side). One possible interpretation is a
non homogeneous temperature distribution [(Ch.3.6.1). Lower tem-
perature regions of the nano-structure is represented by the higher
frequency peak and the higher temperature regions are represented
by the lower frequency shoulder. By splitting the phonon line in to
different contributions the evaluation of the intensity ratios became
meaningless (evaluation of line areas instead of intensities could re-
solve this problem). In this case the estimation of the temperature
by the frequency shift seems to be more reliable. However, a drastic
temperature increase of several hundred K occurs in the nano-wire
by laser spot heating.

The temperature increase induced by the laser depends on many
parameters (laser power, thermal conductivity, heat capacity of the
sample, thermal radiation) and is difficult to control. Moreover, even
with a micro Raman setup the focus-(1um) on a sample similar

to that shown in Fid. 4]1a will cover an area containing several Si
nano-wires which possibly might also have different geometries.

The experimental solution to this problems is the measurement of
spectra with different laser powers on a single nano-structure. Nano-
wires scratched from the growth substrate surface were deposited on
glass surface. Single nano-wires were selected by eye and placed
within the focus of the laser beam using a micrometric table. During
the alignment of the structure within the laser focus low laser power
was applied in order not to damage the sample by melting it. The
average diameter of the nano-wires used for the experiment shown in
Fig.[4.7 was previously determined by scanning electron microscopy
to be in the range of 150 nm. Thus it can still be identified by an
optical microscope even though no exact values can be given for its
diameter due to the optical resolution limit.

In Fig.[4.7 the scattering intensity has been normalized to the inci-
dent laser power. The Si-nano-wire phonon shows a strong shift to
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Figure 4.5: Raman spectra of Sh@ano-wires (diameter ca. 150 nm) at
different excitation laser power. No significant changes in the spectra are
observed due to laser power increase.

lower wave numbers and an asymmetric broadening with increasing
laser power similar to those reported in Ref. [[56, 83]. The extrap-

olation to zero power gives no significant differences to the Si bulk

frequency, thus no confinement effect is observed. It is, however,
not expected in nano-structures of the size above 100 nm.

The line asymmetry observed in Hig. 4.7 is usually discussed in terms
of the geometrical boundaries in the low dimensional particles which
as a consequence lead to an extended range of k vectors in reciprocal
space (relaxation of k conservation). The Raman line shape is then
obtained by the weighted integration across the phonon dispersion
curves (Ch.[ 3]2). However, the line asymmetry in 4.7 disap-
pears for low excitation power. This shows that the asymmetry of
nano-structure Raman lines can not always be described by simple
relaxation of k vector conservation. The strong asymmetric broad-
ening was also observed for Si bulk at high temperature [84]. Thus
for nano-structures it could possibly result from the anharmonicity
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Figure 4.6: Stokes and anti-Stokes phonon lines from a single Si nano-
wire.

of the interatomic potential.

The extrapolated "zero" power spectrum on the other hand should
give the confinement effects. However in this example where the
nano-wires have thicknesses of 100 nm or more such confinement
effects are probably not very significant. Nanowires with smaller
thickness €10 nm) should be used to study confinement effects in
guasi-1D structures.

4.5 Surface vibrations

GaAs nano-rods (Fig.4.1a) grown by the Vapor Liquid Solid (VLS)
method [18] in the (111) direction on GaAs(111) substrates in an
oriented fashion were obtained from the University of Lecce [20].
They have diameters of approximately 60 nm and lengths in the mi-
crometer range. The measurements were performed on the sam-
ples as they were grown. Single nano-rods were selected in the low
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Figure 4.7 Excitation power dependence of Raman spectra from a single
Si nano-wire. Redshift and asymmetric broadening appear at higher exci-
tation power. For the lowest power the line is symmetric. A line splitting

possibly occurs for the highest excitation power. The phonon spectra are
fitted by numerically calculated anharmonic oscillator model line shapes

B6.2).

nano-structure density area of the sample and positioned into the
micro-focus by moving the sample on a nanometric stage. In order
to distinguish the Raman signal of the nano-rods from the Raman
scattering from the substrate (both nano-rods and the substrate are
crystalline GaAs) the focal plane of the confocal microscope was
placed~ 1um above the substrate surface.

The spectra of the GaAs nano-rods show a strong dependence on
the applied laser power due to the heating of the rods by the laser
beam (Fig.4.8[21]).At comparably low laser power density (several
mW perpm?) the small volume of the nano-structures can already
be heated easily up to several hundred K above room temperature.
As a result, shifts of the phonon frequencies to lower values and
a line shape broadening are observed similar to that observed for
Si nano-wires. The anharmonicity of the lattice potential in GaAs
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Figure 4.8: Excitation power dependence of Raman spectra from a sin-
gle GaAs nano-rod. Redshift and asymmetric broadening occur for both
the LO and TO phonon modes. For the highest excitation power a line
splitting of the TO line is clearly visible.

[50,/85] is the cause for these modifications with laser power. With
increasing exiting laser power increasing asymmetry of the LO and
TO phonon lines is observed (see Figl4.8. The fact that both LO
and TO are asymmetrically broadened and additionally the TO line
splits for high power can be interpreted in terms of inhomogeneous
temperature distributions in the nano-rod.

As already mentioned above the influence of the heating should be
avoided and only low excitation laser power can be used in case the
dimensional effects are investigated. In the measurements shown in
Fig[4.9 a laser power of 1801/ from the 2.41 eV laser line was
used after a series of measurements with lower and higher powers at
an another GaAs nano-rod sample.

From the low power Raman spectra of the GaAs nano-rod sample
in Fig[4.9 (two upper panels) it was found that the TO phonon fre-
guency corresponds to that of the bulk. This is expected since the
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diameter of the nano-rods (60 nm) is not sufficiently small to result
in a quantum confinement of the phonon modes. But for the LO
phonons a remarkable change in the appearance of the phonon line
is clearly visible in the spectra. Several new modes appear in the
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Figure 4.9: Raman spectra from a single free standing GaAs nano-rod
(two upper panels) and GaAs bulk (lower panel). The three spectra are
fitted by Voigt line shapes in order to verify quantitative frequency shifts.
No significant frequency shifts of the LO and TO phonons from the nano-
rods with respect to the bulk could be verified. In comparison to bulk
spectra new lines appear in the nano-rod spectra in the gap between TO
and LO phonons. The new phonon lines are sensitive to the polarization
of the excitation laser light. This can be seen from the comparison of the
upper and middle panel spectra.
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TO-LO gap and dominate the LO region. A simple explanation for
their appearance would be that the macroscopic LO phonon electri-
cal field acts at longer distances (phonon wave length) and already
"feels" the boundaries even in these rather large structures. In con-
trast, the TO phonons, arising from the short range crystal potential
forces, would need smaller dimensions to experience confinement.

Another interpretation of the phonon modes of the I1l-V nano- struc-
tures appearing in the TO-LO gap was given by Gupta etlal. [86]
in the case of GaP nano-rods. According to this interpretation the
surface modes of the GaP nano-rods (diameter 20nm and 50nm)
dominate the spectra due to the large surface/volume ratio. The fre-
guency of these surface modes is determined by the electric field on
the surfacel[87].

A third explanation could arise from diameter variations of the nano-
rods, especially periodic ones occurring through the growth process.
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Figure 4.10: On the left: surface modes (SO) dispersion of a 60 nm
diameter GaAs cylinder in air, calculated by[Eql4.6. On the right: surface
charge distribution on a dielectric sphere for different oscillation modes

(I=0,1,2in ed.4.p).

59



They could lead to zone folding effects for k-vectors along the axis
of the nano-rod . The effect on the low dispersive TO phonon would
be small but the LO phonons, having the stronger dispersion, could
appear with different frequencies.

According to the continuum model the surface oscillation mode fre-
guency on a circular cross section nano-rod in air (dielectric constant
~ 1) can be calculated by [87] with = kr (r- nano-rod radius, k-
momentum)

w2

= S 4.6
wep = wT0+€oo+6f(:L’) (4.6)

I(2) K11 ()
fz+1( VKi(w)

wherew?, = 293 cm~! andwro = 269 cm~! are the frequen-
cies of the bulk longitudinal and transversal optical phonons re-
spectivelye, is the high-frequency dielectric constant of the GaAs
bulk. w, is the plasma frequency, screened by the dielectric, with
€x- Kj(x) and I;(x) are modified Bessel functions. By setting

[ =0,1,2,3..., dispersions for modes with different charge distribu-
tion can be obtained. In Fjg.4]10 (on the right) charge distributions
for a dielectric sphere with different symmetries (corresponding to
|=1,2,3) are shown. In a cylinder, however, the charge distribution is
similar, but additional distributions (alternating) along the nano-rod
axis are present.

The nano-rod diameter was measured by scanning electron micros-
copy and is in the range of 60 nm. Using this information the dis-
persion relation of the surface modes can be calculated (Fig.4.10).
By comparing the SO frequencies from the fit in Fig.4.9 with dis-
persion relation for the SO modes, an assignment of the measured
frequencies to the SO modes types is possible. According to this
assignment th€ O, mode a85.5 + 0.2cm ! is due to a dipole like

with  f(z) =
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charge distribution and th&O,mode at83.0 +0.2cm ! belongs to

a quadrupole-like charge distribution. This explains the polarization
dependence of the spectra in Figl4.9: while in crossed polarization
the quadrupole mode is more intense, the dipole mode is dominant
with the parallel polarization.

From Fig.4.1D the estimation of the total momentum of the surface
vibrations is possible. Similar momentum for the surface modes can
be assumed because of the same geometry of the nano-structure. The
periodicity obtained from the momentum is d&5 F 10nm which
corresponds to half the circumference of the GaAs nano-rod.

4.6 Resonant Raman scattering in nano-structures

Due to the small volume of nano-structures, Raman scattering from
such small quantities of matter suffers a drawback in giving only
weak intensities. This is particulary disadvantageous in the case of
strong background signals coming, for example, from the substrate.
Thus resonant Raman scattering, which is able to greatly increase
the Raman signal, is a useful technique in order to improve the
signal-to-noise ratio of the spectra and to enable their quantitative
analysis.

ZnO shows a strong resonance behavior as can be seen[in Fjg. 4.11(a)
with the example of two Raman spectra of bulk ZnO taken with dif-
ferent laser lines. They are in general agreement with the data which
have been published in the p&stl[88],189,/90, 91]. The spectrum with
the 647.1nm (= 1.95eV) line of a Krypton laser is non-resonant
with respect to the band gap of ZnO (3.3 eV) while the 406.7 nm (=
3.05¢eV) line is near resonant. Enhanced scattering intensities with
the latter excitation can clearly be seen in Fig. 4.11. Under such res-
onant conditions it should be possible to distinguish phonon spectra
from nano-structures from the spectra of the substrate.

By using near resonant excitations (406.7 nm), Raman measurements
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Raman intensity (cts/(mW*min))

Figure 4.11:
laser lines. With 647.1nm excitation a non-resonant Raman spectrum is
obtained. The 406.7 nm spectrunmisar resonantshowing a larger scat-
tering intensity and a number of second order phonon peaks, 2LO and
lines indicated by arrows. The indexed capital letters refer to the irre-
ducible representations of the point gratip, of wurtzite ZnO.; (b) ZnO
nano-rods on a Si(100) substrate, luminescence background has been sub-

tracted. Due to near resonance conditions enhafgeahd 2LO modes
are observed.
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of ZnO nano-rods (sample similar to Fig.R.3, but which are lower
density) grown by CVD on Si(100) substrate were possible 4.11
b). In spite of the low ZnO nano-rod density on the substrate surface
(approx. 5 nano-rods p@m?, each one approximately 40 nm thick



and 300 nm long) and hence, a small scattering volume, identifica-
tion of ZnO vibrational modes (E2LO) is possible. No size-related
frequency shifts, however, were detected within the accuracy of this
measurement~ 1cm~!). The size of the the ZnO nano-rods is
probably still not small enough to generate observable phonon shifts
as reported in the literature [92].

4.7 Nanometric and sub-nanometric structure

Recently developed growth methods enable synthesis of 0- and 1-
dimensional nano-structures having internal structure, for example
core shell structures or alternating heterostructures. The goal is the
synthesis of heterojunctions in order to exploit their properties simi-
lar to the heterojunctions of bulk materials. In such structures mate-
rial properties alternate on nanometric or even sub-nanometric scale.
The use of ternary or quaternary materials often leads to non ho-
mogeneous composition distribution and hence spatial variation of
properties. An example of a Raman spectrum of an internally in-
homogeneous nano-structure is shown in[Figl4.12 where by means
of micro-Raman spectroscopy the quantitative determination of the
ternary composition of an ensemble of VPE grown AlGaAs nano-
rods is demonstrated. The concentration of Al is revealed by the
evaluation of the phonon line shifts in the GaAs-like and AlAs-like
spectral ranges. The appearances of several phonon mode groups
(marked with connected lines), every group belonging to a certain
composition, suggest a non uniform distribution of the components.
Since, due to the spatial resolution limit of conventional optics, sev-
eral nano-structures are supposed to be within the excitation area,
it is impossible to conclude if either nano-structures with different
compositions are observed or each single nano-structure possesses
an inhomogeneous material distribution.

Until now Raman spectroscopy from nano-structures consisting of
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Figure 4.12: Quantitative determination of the ternary composition of
AlGaAs nano-wirws. a) Raman spectra of an ensemble of AlIGaAs nano-
rods and its fit by Voight line shapes. The ternary composition of the
nano-structures is revealed by the evaluation of the phonon frequencies in
the GaAs and AlAs like wavenumber range. The presence of three differ-
ent phonon line groups in the spectra (indicated by connected lines in the
middle panel) suggest a non homogeneous distribution of the ternary alloy
components. b) Dispersion analysis of the optical phonon frequencies in
the AlAs and GaAs like frequency range versus the AlAs molar content
in the GaAlAs bulk. While empty circles and crosses indicate the ex-
perimental results (taken from [93] and references from it), the solid and
dashed lines represent the calculation by modified Chang-Mitra model
[94] from [93].The red lines indicate the frequencies extracted from a)
and the red circles stand for the probable assignment of the frequencies to
the dispersion relation.

materials with known composition and structure were presented.
This structures can be still represented as size-reduced bulk mate-
rials. Already known bulk parameters (phonon dispersion) are the
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Measured spectra Si sheet calc|
(em™1) (em™1) Type of vibration
70,76,84,91 -
133, 270 -
327 381 transversal vibration with participation of H
481 H symmetric vibration parallel to plane
519 493 longitudinal mode with participation of H
717 689 H asymmetric vibration parallel to plane
805 possibleSi — Hs scissor bending
2073,2088 Si-H stretching

Table 1. Measured and calculated vibrational frequencies of Si nano-structures. First
column contains data from Fig.4]13. Data in the second column are taken from cal-
culations of vibrational spectra for Si single sheet saturated on both sides by hydrogen
atoms.

basis for the interpretation of the spectra. There is, however, a large
amount of nano-structure types with unknown vibrational proper-
ties. An example of those are silicon nanotubes whose structure
significantly differs from silicon bulk.

There is a large interest in one-dimensional silicon structures as pos-
sible elements of nano-electronic devices. Efficient methods of sil-
icon nano-wire growth are already present in the literature. How-
ever, freestanding nano-wires have diameters ranging from few to
hundreds of nanometers. Further reduction in dimension requires
new concepts. Stable single walled silicon nano-structures with di-
ameters in the nanometer and sub-nanometer range similar to car-
bon single walled tubes were suggested by theoretical calculations
[95][96]. Many different structures models for Si nanotubes were
suggested. Some of them differ significantly from each other as pro-
posed structural models involved either sp2 or sp3, or sp2-sp3 mixed
hybridizations([95].

Recently growth of Si nanotubes by molecular beam epitaxy (MBE)
was reported, however these tubes have a large diametgr iim),
large wall thickness of 4-6 nm [97], and are embeddeslin, lay-
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ers. Synthesization of non oxidized silicon nanotube by the gas
phase condensation method without SiO sheet was also reported
[98]. The latter is especially suited for comparisons with already ex-

Figure 4.13: Presumable Ra-
man spectra of of Si nanotubes.
High energy modes (HEM) at
ca.700 and 800cm~! belong
probably to the H-Si-H scis-
transversal sor bending vibrations. The
modes lines in the central region at
327 and 519c¢m~! are prob-
ably transversal and longitudi-
nal Si plane vibrations respec-
- tively while lower frequency vi-
00 Pk aman shift em?) . brations could be the tubular ra-
dial breathing modes (RBM).

HEM

ES
1

RBM

I ntensity (counts/s)

[

isting theoretical models, because of their oxygen free composition.
STM imaging of these nanotubes [98] indicate an atomic arrange-
ment compatible with a puckered structure and different chiralities.
However, there are still open questions about the structure apart from
the general question searching the atomic arrangement. For exam-
ple, whether the Si bonds saturated by hydrogen or not, and what
is the type of sp hybridization? Questions about structure may pos-
sibly be answered by vibrational spectra combined with theoretical
calculations.

Raman spectroscopy on samples investigated in/Ref.[98] was per-
formed in our laboratory by using a 514.5 nm laser line at low power
(<1 mW) in order not to damage the sample by heating. One possible
Si nanotube spectra is shown in Fig.4.13. The spectra show two in-
tensive lines at ca. 700 and 800 cthwhich can not belong to Si-Si
vibrations because of their high frequenci®s.— H, scissor bend-

ing vibration has a similar frequency (ca. 950 iy however. A
saturation of Si bonds seems thus reasonable in this structure. Other
vibrational frequencies from this spectra are summarized in Table
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4.7.

The dynamics of nanotubes are comparable to the behavior of plane
sheets because a nanotube can be imagined as a rolled up plane (sim-
ilar to carbon nanotubes). Theoretical results for a Si sheet can be
used to calculate the main vibrational modes of the nanotubes as
well. Calculations were performed by an ab-initio method within the
density functional theory [99]. Relaxation of the structure (bond sat-
uration by H atoms) reveals a buckled three fold symmetry (hexago-
nal) structure withsp? hybridization. Calculated vibrational modes
are compared to the spectra in Tab.4.7. The Si-H bending mode at
689 cn1! correspond probably to the 717 chrmode from the spec-

tra. The Si sheet vibrations at 481,493 <nand 381 cm! could be
associated with the experimental value 519 tand 327 cm'. The
experimentally obtained modes below 300 ¢naould be the result

of the tubular geometry of the structure (similar to radial breathing
modes in carbon nanotubes).

Comparison of the measurements to the calculations is not yet satis-
fying. Changing the theoretical model to a Si plane sheet saturated
by hydrogens on only one side could be sufficient to reproduce the
mode at ca. 800 cm which could correspond to thei /, scissor.

It would also slightly change the Si-Si frequencies. The possible
vibrations of the tubular structure could be only reproduced mod-
elling a tubular structure. Moreover, measurements in the range of
2100 cn! (Si-H stretching modes) are necessary in order to obtain
conclusive results on the existence of hydrogen saturation.

4.8 Conclusions for micro Raman results

Several examples of low dimensional structures were discussed. Pho-
non parameters could be extracted by Raman scattering. From the
experimental side one can thus be quite optimistic about the role
of Raman scattering for low-dimensional physics. The spatial res-
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olution given by optical microscope techniques 1 xm) limits its
exploitation to the investigation of nano-structure ensembles or at
best entire structure since the properties within the excited spot are
averaged and no specific information on nano-scale can be extracted.
Information on individual internal structure (e.g. hetero-junctions)
of the nano-structures is not accessible at micrometric spatial res-
olution. What needs to be technologically improved are thus the
high spatial resolution techniques. Theoretically the situation is also
rather unsatisfying at the moment. Calculations within the quan-
tum mechanical models for interpretation of the observed (or not
observed) frequency shifts with respect to materials and geometry
are urgently needed.
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Chapter 5

The optical Nearfield

The resolving power of optical instruments in the far field (sample-
observer distance-> )) is in the order of the wavelength (Equ.
6.8): \

Ar = 0.6098m, (5.1)
whit X the light wavelength and/ A the nummerical aperture of the
optics.
Since the diffraction limit does not allow us to focus light to dimen-
sions smaller than roughly half a wavelength, it is not possible to
interact selectively with nano-scale features by means of diffractive
optics based on a lens microscope. In recent years several new ap-
proaches have been put forth to 'shrink’ the diffraction limit (confo-
cal microscopy) or to even overcome it (near-field microscopy). The
Scanning Nearfield Optical Microscope (SNOM) utilizing glass fi-
bre tips with sub-wavelength apertures was developed to overcome
the diffraction limit. Unfortunately it suffers a severe loss of in-
tensity restricting it to be utilized with strong intensity optical pro-
cesses (e.g. photoluminescence). Raman scattering, being a weak
intensity process, depends on techniques which avoid losses in in-
tensity. Aperture less SNOM (a-SNOM) which exploits the tip-
enhancement effect, can be utilized to perform Raman spectroscopy
and imaging with a spatial resolution of less than 20nm. To date,
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this is the highest optical resolution of a spectroscopic optical mea-
surement.

5.1 Diffraction of plane waves from a slit

In conventional imaging and microscopy the light collecting optics
is always in the far field (distance ), the light wave length) of the
investigated object. The optical information on the sub-wavelength
structure of the object disappears in between. We demonstrate this
by showing simulated diffraction patterns (Figl5.1) of slits illumi-
nated by a plane wave for different distances from the slits. The ex-
act calculation of the light transmission through a small aperture re-
guires a self consistent solution of the Maxwell equations/[100, 101].
But in order to obtain the qualitative behaviour of the diffraction the
problem can also be treated by means of a simple scalar theory. The
simulated diffraction patterns in Fig.5.1 were obtained according to
Huygens’ principles, by assuming that every point in the space be-
tween the slit borders is the origin of a spherical wave and summing
up the scalar field intensity of these waves at the desired coordinates:

T A —i(kr—wt)
[=FE :/ / e}{pfdadt (5.2)

where A is the area emitting the spherical waves (composed of one
or two finite size slits)q is the position within the slits]” >> (1/w)

Is the integration time, k is the wave vectorthe frequency of the
light andr the distance from the origin of a single spherical wave.
The calculated diffraction pattern in Hig.p.1 shows on the right hand
side ¢ = 100, far field) the well known Fraunhofer diffraction
pattern. For wide slits (w 3, Fig[5.1a) the far field diffraction

is similar to the well known Airy-function pattern which gives the
resolution of Eq[ 6]6. For a smaller slit (in Fig.5.1b), with slit width
d=\/10), nearly uniform scattering into the right half space (similar
to a simple spherical wave) is observed.
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Figure 5.1: Simulated intensity patterns from transmission of narrow slits
(infinite length) calculated by summing the secondary spherical waves
originating in the slits (ef.5/2). The infinite slits are illuminated by a
plane wave ah = 500nm from the left. The largest single slit (on top)
has the size of three times the wavelength, the narrow slit width (in the
middle part) is £/10). The double slit (lower part) is consistent out of
two \/10 slits separated b¥/2 spacer. On the right the far field intensity
distribution in the half space is shown. In the left graph the near field
intensity is calculated at 10 nm distance from the slit plane. In case of
the large slit the well known Fraunhofer diffraction pattern appears in the
far field. The intensity distribution in the far field for the small slits is
nearly uniform and similar to a single spherical wave. In the near field
the intensity pattern is not generated by diffraction like in the far field. In
the case of the double slit a well distinguishable double structure in the
light intensity pattern indicates the sub-wavelength size and distance of
the slits. The two structures are not distinguishable in the far field .
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The phase difference of the spherical waves originating at the slit
Is not sufficient to create a diffraction pattern with several maxima.
Even in the case of two narroi/ 10 slits separated by &/2 spacer,
shown in the lower part of Fig.5.1, the phase difference (caused by
the distance between the slits) is not sufficient to make the two small
slits distinguishable in the far field.

However, in the proximity of the slit plane within a distance of

a wavelength fractionX/10) to the slits (Near Field) the diffrac-
tion pattern of the single slit (b) and the double slit (c) are clearly
distinguishable and display the structure of the object. Thus sub-
wavelength structures can be resolved. This sub-wavelength struc-
ture information with spatial frequencies larger than % Is carried

by the non-propagating near field which does not contribute to the
far field pattern[[102].

5.2 Optical Near Field Microscope

Aperture scanning near-field microscopy is a technique that allows
for arbitrarily small details to be resolved. It works by scanning a
small aperture in the proximity of the object (ffig]5.2). The distance
between the aperture and the object plane is in the order of nanome-
ters and is critical for the resolution. Light can only pass through the
aperture, and so this size also determines the resolution of the sys-
tem. This technique is typically implemented by tapering an optical
fiber to a narrow point and coating all but the tip with metal. By this
method, images with a resolution far beyond what is possible with
traditional microscopy can be recorded.

However, the amount of light that can be transmitted by a small aper-
ture poses a limit on how small it can be made before nothing gets
through. To a degree this is acceptable, as more optical power can
be generated, but the cutoff is so severe that the aperture cannot be
made smaller. When the aperture is 100 nm, the cutoff is down four
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orders of magnitude, and when it reaches 50 nm, only one p&itin
makes it through. Furthermore, the input power cannot be increased
arbitrarily because /3 of the power is absorbed in the coating. In-
creasing the input power above approximately 10 mwW will destroy
the coating. This severely limits the signal-to-noise ratio of small
apertures, and is the reason our group uses another approach.

Instead of using a small aperture, we use a metal tip to provide a
local excitation. If a sharp metal tip is placed in the focus of a laser
beam, an effect called local field enhancement will cause the electric
field to become much stronger. This enhancement is localized to
the tip, which should have ideally a typical diameter of 10 nm. As
this tip is scanned over the surface, an image can be formed with a
resolution as fine as the tip/[9].

w
1 120
W =140 A =500 401- T
‘ 1201
W=120 J\/\ x
i /\/\ ]\/\ /\ /\
z=10 z=30 z=50 z=70

Figure 5.2: Simulated aperture near field optical microscope scan lines.
The resolution depends on the aperture size and the distance from aperture
to the sample plain. The smaller the aperture and the distance the higher
is the simulated resolution.
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5.3 Tip Field Enhancement

The field enhancement is needed to generate appropriate optical sig-
nals, which results from the strong optical interactions between the
tip apex and the sample. Itis a complicated function of many param-
eters, such as the geometry of the tip, its surface state and material
parameters, etc. Anyway, enhancing the electric field of a body,
in general, and of the tip in particular is a nontrivial problem. It

is especially important for the development of tip-enhanced Raman
spectroscopy because the (usually very weak) Raman signal rises
as the fourth power of the field [102]. A problem arises how to
choose optimal conditions for achieving maximal enhancement of
the strongly localized electric near field. These include choosing en-
hancement mechanism and the tip-surface geometry, as well as the
tip material/shape combination.

Beside of a valid model of the tip/sample configuration a computa-
tional (numerical) algorithm is needed in order to handle all these
parameters under realistic conditions. Metallic particles, tips in-

cluded, respond much more to the magnetic fields in comparison
to dielectric glass fibre tips. Hence a treatment of electrical fields
only is not sufficient. A complete set of Maxwell equation needs to

be solved.

In last years Finite-difference Time-domain (FDTD) became a widely
used method for field enhancement calculations|[103,/104| 105, 106,
107]. This is a numerical algorithm which solves a discrete formu-
lation of Maxwell’s equations to calculate field values throughout a
defined problem space after each of a series of time steps. Charge
distributions may be calculated from the divergence of the electric
field. For the purpose of defining the material parameters to describe
a particular system, the problem space is discretized into cells. The
cells are not larger than a tenth of the light wavelength in order to
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Figure 5.3: Dependence of the Field enhancement spectra on the apex
radius (from [106]). R=10nm (full line), R=30nm (dotted), R=50nm
(dashed), R=80nm(dash-dotted line).

accurately sample the field distributions. Each cell is is character-
ized by its local electromagnetic properties and by the electric and
magnetic field vectors. The total simulated volume for the calcula-
tions is limited only by the computational effort and is at the moment
around a cubic micrometer.

In Fig[5.3 calculations of the field enhancement factor of a silver tip
in the proximity to a gold substrate are shown. The tip enhancement
depends strongly on the size of the tip apex. The smaller the tip the
higher are the enhancement factors.

The enhancement mechanism is related to the plasmon frequency in
the tip material. Collective electron oscillations (plasmons) excited
by the laser generate a local oscillating field. Because the plasmon
eigenfrequencies depend on the material properties, the choice of the
tip material is important in order to achieve optimum enhancement.
This, however, is important for energies near the plasma frequency
(Ag 3.9eV, Au 1.9eV); at lower frequencies the antenna effect is
more important. The amplification varies according to the shape of
the tip (apex diameter, conical angle). Regarding the apex diameter
there is a general consensus in the literature that the smaller tips
provide a higher field enhancement. Concerning the conical angle
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of the tip, however, an agreement has not yet been reached.

Polarization is an important issue for the enhancement optimiza-
tion. As can be seen in Fjg.5.4 the polarization orientation parallel
to the tip axes generates much stronger field enhancements. This
fact should be considered for the selection of the scattering geome-
tries. The most simple way to achieve excitation of the tip by parallel
polarization is through illumination from the side. In this case the
polarization of the incoming laser beam can be easily adjusted along
the orientation of the tip. Frontal illumination (from the tip apex
side) is also possible without losses in efficiency. For this type of tip
illumination geometry a so-called "z-polarization" is needed (polar-
ization parallel to the propagation aches, generated by focusing of
radial polarized laser beam) [108, 109]. Radial polarization of the
incoming laser beam is necessary before the focusing of the laser
light on the tip.

Figure 5.4: Influence of the incident light polarization on the Field en-
hancement of a tip. On the left: illumination of the tip by polarization
perpendicular to the tip. On the right: parallel polarization is utilized.
From [102]. The enhancement near to the tip apex is appodxthe
intensity ratio between the sequent isolines is 2).

76



Chapter 6

Development of nanometric
resolution optical equipment

From the previous discussions it is clear that experimental realiza-
tion of optical near-field Raman scattering with coated optical fibers

is difficult. Nevertheless it has already been tried since the beginning
of the nineties![8], but due to intensity problems fiber applications
were limited to samples with large Raman cross sections [7, 110].
On the other hand, apertureless techniques based on plasmon related
resonant field enhancement, occurring for some metals in the visi-
ble spectral range, give a promising outlook for overcomming the
intensity problem that is especially severe in Raman spectroscopy.

This plasmon resonance enhancement has been first observed in
SERS (Surface Enhanced Raman Scattering)/[111, 112] and ex-
ploited for very sensitive molecular identification [11] 13,1113]. Re-
cent progress in computational theory of plasmonic properties of
noble metal nano-particles [114] helps to optimize the metal tips
with respect to their signal enhancement and the confinement of the
near-field. Indeed, very recently apertureless techniques have been
combined with a near field Raman scattering set-up for the first time
[115,/116]. This concept is also referred to as TERS (Tip Enhanced
Raman Spectroscopy) and its successful operation including the tip
enhancement effect was shown for carbon nano-tubes [115]. Due
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Figure 6.1: Nano-Raman configurations: a) transmission mode with high
NA microscope objective, b) optical tunnelling mode, c) reflection mode,
d) optimized reflection mode.

to the higher numerical aperture of this configuration those attempts
are realized in the transmission mode while only few reflection mode
TERS set-ups were exploited [1.3, 117].

Tip preparation is crucial for TERS measurements, because the ra-
dius, shape and material of the tip determine the enhancement factor
and the spatial resolution.

6.1 Tip - sample - collection optics configuration

In Fig.[6.1 we show possible tip-lens-sample configurations for Ra-
man scattering. A major advantage of the transmission mode (Fig.
[6.1a) is that high numerical apertures are easily achieved using mi-
croscope objectives with short working distances and immersion.
Thus the light can be efficiently focused and collected. The main
disadvantage is that it is limited to samples deposited on transparent
substrates.

In the mode represented in (Fig. 6.1b), the illumination is provided
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by attenuated total reflection of a laser beam within a prism. Hence,
in this configuration the tip and the sample are illuminated by the
evanescent field which is generated at the interface while the illu-
mination by the far field radiation is reflected into the prism. This
configuration has a favorable signal-to-noise ratio as the tip is en-
hancing only the near-field, whereas in other configurations in Fig.
6.1 the far field is detected simultaneously with the near field. How-
ever, the optical properties of the prism may limit the spectral range
of laser excitations or generate additional luminescence background.
In analogy to the STM this configuration is usually called optical
tunnelling mode.

A reflection mode is needed in order to explore samples on non-
transparent substrates (F[g. |6.1c). In this geometry the tip (includ-
ing distance control) and the optical set-up illuminating the tip and
collecting the scattered light have to be arranged on the same side
of the sample. As a consequence only long distance microscope
objectives can be used and the numerical aperture available in this
configuration is considerably decreased.

The reflection mode can be optimized with respect to the achieved
field enhancement because it depends strongly on the illumination
geometry[[118]. The strongest field enhancement below the tip apex
is observed if the polarization of the incident field is polarized along
the axis of the tip. Furthermore, in theoretical models the tip is in
general described by one or several dipoles. Considering their emis-
sion, a 90-configuration is likewise favorable to efficiently collect
the enhanced light (Fi. 6.1d).

6.2 EXxperimental set-up overview

We discuss the experimental configuration with the example of the
set-up used at Roma "Tor Vergata" (Fig|6.2). Its different configura-
tions allow for measurements on different spatial resolution scales:
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macro-, micro- and nano-Raman spectroscopy. Common to all res-
olution scales is the laser illumination and the spectroscopic unit.
By directing the laser light into different, parallel existing optical
arrangements, the different spatial resolutions can be chosen.

The illumination source common for all set-ups is an argon-ion laser
with a very low beam divergence (0.5 mrad) emitting mainly a TEM
mode. The mode purity is further enhanced by expanding the beam
and by applying spatial filtering.

The spectroscopic tool common to all three resolution configura-
tions is a triple monochromator that can be operated in a single line
scanning mode (added dispersion) and in a multichannel mode as
a spectrograph. The scanning mode provides a higher contrast and
resolution when working with a low dark count photomultiplier. In
the multichannel mode the first two monochromators operate in a
subtractive mode, selecting the desired spectral region, to be ana-
lyzed by the spectrograph equipped with low noise, liquid-nitrogen
cooled CCD (charge coupled detector).

The macro-Raman configuration is the standard Raman set-up and
Is mainly used when the experiment needs long working distances.
It allows only the use of small numerical apertures (NA = 0.1-0.2)
as is often the case with in-situ measurements in ultrahigh vacuum
chambers, cryostats or gas cells. The resolution is thus low around
10 — 100um. The micro-Raman set-up is based on a confocal mi-
croscope design containing an objective with a very large numerical
aperture (NA = 0.95) and a pinhole in the intermediate focal plane.
The spatial resolution of this microscope is belowrh. In nano-
Raman, where the optical near field is exploited, resolutions below
100 nm are achieved. Independent of the desired resolution, it turned
out to be extremely important in all measurements on nanostructu-
res, to have nano-positioning capabilities (nanometric stages) for the
sample, in order to be able to increase the optical signal.
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6.3 Vibrational isolation

Because SPM techniques are used in combination with the optical
set up, an appropriate vibrational isolation of the set-up is needed.
While a stiff connection between the scanned sample and the nano-
metric tip is necessary in order to prevent high frequency vibrations
between the tip and the sample, the isolation of the whole set-up
should be realized by low pass frequency mechanical filters which
can be assembled by the low spring constant spring (e.g. elastomers
or compressed air) and some energy dissipation elements (e.g. in-
ternal friction in elastomers or turbulent gas flow). In this section
we discuss the vibrational isolation of the set-up from the external
vibrational noise sources.

In the simplest case a suspension of the set-up on soft elastic rope is
possible. The large mass of our set-up configuration including many
voluminous and massive components like triple Raman monochro-
mator, large frame laser sources and possibly a vacuum chamber
(6.3) exclude this possibility. Instead an optical table with passive
and active vibrational damping elements is utilized. The passive
damping is consisting of compressed air suspension with low res-
onant frequency ( 2 Hz) and laminar air flow valves as dissipative
damping elements. The active damping is realized by piezo driven
actuators compensating the higher frequency vibrations (100 Hz -
1 kHz). The table body provides the necessary stiffness in order to
avoid the vibrational eigen modes of the structure.

In contrast to many nanometric resolution near field optical measure-
ment set-ups using a single laser line for excitation (usually HeNe
laser 632.8 nm wavelength or 488 nm by small frame f&n gas
laser), we intend to exploit a wide range of laser frequencies from
near UV to red which are available with the large frame ion gas
lasers and the common HeNe laser sources. While HeNe lasers
(because of their simplicity) can be mounted directly on the main
experimental set-up structure, the large frame ion gas laser would
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Figure 6.3: Comparison of vibrational spectra amplitudes with (black

line) an without (grey line) additional laser suspension. A significant im-

provement is achieved by using additional suspension.

Figure 6.4: Photograph of the nano-Raman the set-up.

introduce an additional source of mechanical vibrations if mounted
directly on the structure due to the water cooling circuit. Additional
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vibrational isolation for the lasers is needed in order to damp the
vibrations caused by the cooling water circuit.

6.4 Tip sample distance control

In near field spectroscopy a tip (either a glass fibre tip in case of
aperture SNOM or a metal tip for apertureless SNOM) is held in the
proximity of the sample. To obtain a nearfield signal the distances
between the tip and the sample surface should be of the order of a
small fraction of the light wave length. The near field contribution
to the overall optical intensity in the nearfield experiment decreases
rapidly with the increasing distance. The enhancement of the Ra-
man signal decays on the length scale of 10 nm/[107]. Sample tip
distances in the nanometric range is therefore preferable. This is not
a trivial problem. Obviously the distance should be kept constant in
order to avoid the unwanted signal intensity modulations. A specific
problem for tip assisted spectroscopy is the possible heating of the
tip by the excitation laser. The thermally induced expansion of the
tip could cause distance variations. It was found that for moderate
illumination laser light powers£1mW) the temperature increase of
the top remains in the margin of a few degrees K [119]. At least for
set-ups using continuous laser sources, in contrast to pulsed lasers,
this problem is thus not significant. Several distance control tech-
niques are feasible for the near field technique. Although the dis-
tance regulation using the optical signal was shown to be usable, the
low signal level and consequently low signal-to-noise ratio (SNR)
avoid its practical application for the Raman spectroscopy. SPM
methods like STM, AFM and their variations have proved to be re-
liable solutions for this kind of problem. In Fig.6.5 a scheme of an
SPM electronic set-up is shown.

STM seems to be simple to implement in the use of the experiment
because of conductive metal tips, but this is only valid for conductive
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Figure 6.5: An example of SPM electronics for near field spectroscopy.

samples. Moreover the contact between the nanostructures and the
substrate is not always conductive. This leads often to destruction
of the sample and the tip. In contrast AFM has several advantages.
No conduction is necessary for AFM and a larger distance margin
for distance control for the AFM (Fig. §.6) is available.

For distance control the use of piezoelectric quartz oscillators with
attached tips [120] can be adopted from the glass fiber SNOM. The
tuning fork fulfills the role of the cantilever. It vibrates at its me-
chanical resonance frequency. Sear force detection is used, i.e. the
tip oscillates parallel to the sample surface. The advantage is that
the tip is always in the proximity of the sample in contrast to non-
contact AFM where tips vibrate perpendicular to the surface (with
rather large amplitudes up to 40 nm). Another advantages of quartz
cantilevers are a high thermal stability and low internal energy dis-
sipation (higher Q factor).
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Figure 6.6: Typical sample probe distance dependency of the STM cur-
rent and the force between the SPM tip and the sample. Exponential be-
havior of the STM current result in narrow practical margins for the dis-
tance control. The weak interaction (attractive) force allows probe sample
distances control (several nm) in a wide range (>10nm).

6.4.1 Frequency modulated AFM

In amplitude modulated AFM the damped amplitude is detected and
regulated to the desired level by regulating the distance of the os-
cillating tip from the sample surface increasing and decreasing the
damping and as a consequence changing the resonance vibrational
amplitude. Usually the oscillator is driven at a constant frequency.
The transient oscillation from one amplitude level to the other is very
slow (in order of 100 ms [121]) in case of high Q oscillators ("Qual-
ity" factor: f/A f) resulting in a scanning time of several hours for
only one AFM image. The use of low Q oscillators leads to lower
SNR. Consequently the choice of the oscillator is a tradeoff between
high SNR and scanning time. This problem can be avoided by ex-
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ploiting a very useful feature of the resonant oscillators. The fre-
guency dependant phase of the oscillator follows the changes in the
resonant frequency much faster. Theoretically it takes only one os-
cillation to detect a frequency change [122]. In practice, however,
this is limited to some oscillation cycles which would still be on the
micro second scale. Thus the measurement time can be greatly re-
duced without sacrificing the high Q factor and the high SNR. To
maintain the spectral cleanliness of the oscillation it is convenient
to drive the oscillator at its resonance frequency independently of
damping. In this case an electronic circuit is needed which detects
and follows the continuously changing resonant frequency [123]. In
practice the appropriate damping and resonance frequency shift are
chosen before the experiment. The SPM electronics regulates the
damping and the frequency shift by maintaining the tip at the con-
stant hight from the sample.

Possible important parameters of the FM-AFM are [122]:
« Q quality factor of the cantilever (* — 10°),
* f, free oscillation frequencyl(*~% Hz),
e A-amplitude (0.1-1 nm),
 k-spring constant of the cantilever ( 1800 N/m)
« Af frequency shift (2-10 Hz)

The basic idea of the frequency modulated atomic force microscope
Is the measurement of the resonance frequency of an oscillator. One
of the intrinsic properties of a mechanical oscillator is the phase rela-
tionship between the exiting force and the oscillation. By applying a
mechanical excitation the phase difference is 90° at resonance. The
phase difference changes rapidly for frequencies drifting away from
the resonance.

One of the most effective methods, to take advantage of this fea-
ture, present in today electronic technology is the phase locked loop
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(PLL) technique. Its advantages include, for example, capturing of
the resonance frequency without its prior knowledge, locking of that
frequency (respectively following the frequency changes) and a high
spectral cleanness (high SNR).

PLL is basically a closed loop frequency control system, whose
functioning is based on the phase sensitive detection of the phase
difference between the input and output signals of the controlled os-
cillator (CO). A PLL consists of three major building blocks: Phase
detector, Loop filter, Voltage controlled oscillator (VCO).

A low-pass filter is used to control the dynamic characteristics of
the phase-locked loop. If the difference between the input and VCO
frequencies is significantly large, the resultant signal is out of the
capture range of the loop. Once the loop is phase-locked, the filter
only limits the speed of the loop’s ability to track changes in the
input frequency. In addition, the loop filter provides a sort of short-
term memory, ensuring a rapid recapture of the signal if the system
is thrown out of lock by a noise transient. However, the design of

—tuning

T fork

Figure 6.7: Schematic Phase Locked Loop electronic circuit. The tuning
fork quartz crystal is kept at its resonance frequency by means of phase
comparison between the exciting and transmitted oscillation.
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a loop filter represents a compromise in that the parameters of the
filter restrict the loop’s capture range and speed, such that it would
almost be impossible for the phase-locked loop to lock without it.

PLL can be used in combination with an automatic gain (signal
level) control system. This would ensure a constant oscillation am-
plitude of the quartz oscillator even if a damping is applied to it, for
example, due to the intended tip contact to the surface or because of
changed environment parameters (air pressure, temperature, humid-

ity).

6.5 Tip Etching

In spite of some interest in producing silver tips for application in
STM in the early days of this technique [124] the development of
preparation techniques for silver tips is still challenging. In contrast
to the widely used tungsten tips the silver tips do not have oxide
layer on their surface due to their chemical stability. This is ad-
vantageous for STM applications because no oxide layer handicap
the electron transfer between the tip and the sample. This advan-
tage is diminished by the difficulties in etching procedures. Only
few etching procedures for silver tips are present in the literature
[124,[125) 126]. Unfortunately none of them is satisfying in terms
of the tip apex radius, aspect ratio or surface roughness. Well known
methods and commercial kits are available for other tip metals (W,
Au, Pt-Ir), but not Ag.

In STM applications only the foremost atoms of the tip play a ma-
jor role for the resolution (tunnelling current) and the conical part
of the tip is not of importance. In optical applications, however, the
mesoscopic structure of the tip (i.e. radius of curvature at the apex,
angle of the cone) plays the central role. Furthermore, the material
of the tip has to be chosen according to the spectral region studied
due to the relation of the enhancement with its dielectric properties.
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(b)

Figure 6.8: SEM images of a Ag tip etched by the described procedure
at different magnifications. The length scale is indicated by bars in the
images.

For use in the spectral range from 350 nm to 515 nm, silver has been
shown to have a high enhancement factor. Hence, the probes con-
sist of sharp silver tips with an apex radius clearly below 100 nm.
To produce silver nano-tips an electrochemical-dynamical etching
procedure was developed. It consists of electrochemical etching of
a 0.25mm diameter silver wire using a highly conductive aqueous
solution (a high solubility inorganié&v H3O H salt dissolved in wa-

ter) and applying a voltagd  5V') between the wire (anode) and

a graphite counter electrode (cathode). During the etching the wire
Is retracted from the solution by a small pitch electric motor. This
procedure allows to get sharp tips (apex diametdi00nm) with a
shape suitable for A-SNOM applications.

The chemistry of the procedure can be described by the main pro-
cesses:

Ag — Agt +e, (6.1)
NH} — NH;+ H*, (6.2)

and side reactions
Agt +2NH; = Ag(NHs), (6.3)
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Figure 6.9: Measured tip etching current during the etching procedure.
All the curves are measured during the etching in the same solution. From
the top to the bottom curve the solution was increasingly degraded due to
the consumption of the solvents. To achieve reproducible etching (similar
etching rates) in every procedure a regulation of the etching voltage is
necessary in order to obtain the same initial current.

4Ag+ + 02 — QAQQO, (64)
2Ag+ +20H — = Ag,0 + H50, (6.5)

The products of the side reactigns|6.4 6.5 are not solvable in the
solution and can attach to the tip during the procedure. This can be
avoided by slowing down the reaction by reducing the initial current

values which gives the side reaction products the time to disperse in

the solution instead of building a layer that covers the tip.

Etching of metal tips with apex radii on the nanometer scale requires
a fast shutdown of the etching voltage in order to prevent further
etching of the tip. From the moment of the separation of the last
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wire segment from the tip further etching leads to degradation of the
tip apex.

During the finite time of the drop of the meniscus, the transported
mass from the tip into the solution is given by the Faraday equation:

M@
7’
where M is the mol mass, Q is the transferred charge, z the electron
charge number of a single ion and F is the Faraday constant. M is
known (Ag 107,9 g/mol), Q can be estimated from the tip etching
current in Fig.6.9(1 & 4 x 10~* C), z=1 (single electron charge),
Faraday constant F: 9.65E4 As/mol.

The estimated mass transfer during the meniscus drop from the tip
to the solution ist x 1071° kg. This corresponds td x 10* um? of

silver (equivalent to a cube of ca 34n). After the disattachment of

the last piece of the remaining wire the etching continues for a short
time (few ms), but this is sufficient in order to round off the possibly
sharp tip.

It is possible to detect the separation of the last segment for example
by measuring the etching current. A sudden decrease of the current
Is expected due to the reduction of the immersed surface area.

A fast voltage switching circuit providing switching times on the
nanosecond scale can be realized by a combination of a current-to-
voltage converter and a voltage comparator governing a transistor
switch. This circuit is shown in Fig.6.110(a) where a video amplifier
(LT1193) is used as a current-to-voltage converter. A video ampli-
fier was chosen because of its wide bandwidth of several hundred
MHz allowing for fast current detection. The signal from theampli-
fier LT1193 is conducted to the comparator LT1016 with a switch-
ing time of ~ 7ns where it is compared to a fixed voltage repre-
senting the tip-solution current reference value. After the voltage
from LT1016 falls below the reference value the transistor Q1 is
switched by LT1016 trough the impedance matching network. After

(6.6)

m =
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Figure 6.10: (a) Circuit for quick voltage shutdown for Ag tip etching.

(b) Simulated (lower line) and measured voltage shutdown transients of
the circuit in (a)

that the base of the transistor Q2 is grounded and the current from the
fixed voltage source passing the tip-solution junction is stopped. In
Fig[6.10(a) a variable resistance Al (Voltage controlled varactor)is
used for simulation of the variable resistance between the tip and the
solution. The response time of the circuit in Fig.6.10(a) was simu-
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lated using the "SPICE" electrical circuit simulation software and
measured during the etching procedure. Transients from simulation
and the measurements are shown in[Fig]6.10(b). The simulated re-
sponse time of ca. 20 ns could not be achieved in the experiment
probably because of parasitic capacitance in the tip-solution leading
to an exponential decrease and oscillations during the voltage drop.
Indeed similar behavior was observed in simulations with additional
capacities. The reaction time of the circuit is negligible. Thus the
achieved switching time could be considered to be near the limit for
passive switching for the etching.

New concepts which can be applied to the silver tip etching proce-
dure:

 Limited fixed current instead fixed voltage: this increases the
etching time and eventually decreases the roughness due to
more uniform etching.

» Annealing of the silver wire for recrystallization and creating
larger crystallites increases the chance that the tip apex will
be etched from a single monocrystal (works for tungsten wire
[127]).

6.6 Test measurements

Measurements to test the developed Nano Raman equipment were
performed on Rhodamine 6G adsorbed on a silver substrate. To
prepare the samples Rhodamine 6G was dissolved in alcohol and
applied to the silver substrate. The topography of the prepared sam-
ples(Fig.[6.1]la) was determined by the STM with the same silver
tip which was used for the spectroscopic measurements. Obviously
by this method of sample preparation it was not possible to obtain
a monolayer of molecules on the surface. Instead Rhodamine 6G
agglomerates formed on the surface yielding the distinct features in
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the STM image. Although in some cases it was possible to identify
agglomerates on the surface, the non-conductivity of the Rhodamine
6G agglomerates turned out to be a severe obstacle for STM mea-
surements.

In order to measure Nano Raman spectra of the adsorbed molecules,
the tip and sample were brought into tunnelling contact (upper spec-
trum Fig. [6.11 b) in a region of the sample with a low density of
Rhodamine 6G agglomerates. The sample was excited with the 488
nm line of the Ar laser (2.54 eV) at a power of 0.8 mW. To deter-
mine the far field background the sample was retracted by about 0.5
pm from the tip and the lower spectrum was measured 6.11b).
Both spectra are shown without the luminescence background. Even
though the primary aim of the measurement was to test the spectro-
scopic mode we observed a good agreement with near field Raman
spectra reported for Rhodamine 6GJ[11]. Nevertheless, we do not
consider the reported spectrum very reliable, because the sample
was retracted from the tip, while the focus of the exciting laser re-
mained on the apex of the tip, so that Rhodamine 6G that might be
attached to the tip contributed to the far field background. In order to
increase the reliability of the measured near field spectra the tip has
to be retracted from the sample and the focus of the exciting laser,
and repositioned with a precision in the sub-nanometer range.

Although some practical improvements are necessary, the presented
experimental set-up, designed according to the principles introduced

above, we are confident to be able to perform reliable spectroscopic

measurements with spatial resolution in the nanometer range. Lat-

est results in the literature on tip enhanced Raman spectroscopy are
encouraging [128] and confirm the feasibility of the concept.
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Figure 6.11: Nano Raman test measurements on Rhodamine 6G. On the
top: "typical® STM measurements of Rhodamine 6G agglomerates on
silver surface. On the bottom: nano Raman measurements with tip in
tunnelling (upper spectra), the lower spectrum is taken after retracting the
sample by ca. 0.pm.
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Chapter 7

Summary

In conclusion, micro Raman measurements were performed on low
dimensional semiconductor structures. Averaging on nano structure
ensembles (usually on as grown samples) were avoided by measur-
ing on single structures. For this purpose low density as grown sam-
ples and selected single structures were used. For the first time sur-
face vibrations on single GaAs nanowires were measured by this
approach. A possible shape effect on Raman spectra of ZnO nano
wires was identified. Thermal effects which have important impli-
cations on Raman spectra were investigated. The anharmonic ef-
fect screens the properties of nano structures distorting the phonon
line shapes. Reducing substantially the excitation laser power it was
possible to obtain unperturbed Raman spectra of nano structures.
It is also possible to extract information on non-perturbed phonon
structure by investigating the dependency of spectra on laser heat-
ing. The anharmonic broadening and energy shifts were success-
fully described within the phenomenological anharmonic oscillator
model. Successful fits of Raman spectra from single Si hano-wires
at different excitation powers (temperatures) verify the validity of
the anharmonic oscillator model. Due to comparably large sizes of
the nanostructures (in the range of 100 nm) no volume confinement
effects were expected nor observed. Surface and folding effects play
a major role for nano structures of this size. Potential Si nanotube
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spectra were measured by micro-Raman set-up and compared with a
DFT ab-initio calculation. The agreement between the measurement
and the calculation is not yet satisfying. Thus new measurements
will be performed in order to confirm the presence of Si-H bonds in
the structure and new calculations considering modified hydrogen
bonds are on the way.

Even though micro Raman spectroscopy reveals the internal struc-
ture of the crystals, it gives only average information from the spa-
tially resolved area (Lm?). The attribution of the revealed proper-
ties to specific nano structure or locations within the nano structures
seems impossible without an significant improvement of spatial res-
olution.

For this purpose an apertureless scanning near field optical micro-
scope (a-SNOM) set-up was developed. Scanning Probe Micros-
copy (SPM) equipment was integrated into confocal Raman spec-
troscopy apparatus. Special attention was focused on the possibil-
ity to use a wide spread of excitation energies in the same set-up,
from near UV (350nm) to red (633 nm). That implies that several
radiation sources were integrated into the set-up which renders the
construction of such integrated apparatus complicated. First of all
because of its extensive dimensions and vibrational isolation.

SPM technique require the utilization of sharp tips in nanometric
proximity to the sample. In a-SNOM the optical field is amplified
by the tip according to its shape and material properties. In order to
exploit the UV spectral range, the use of silver tips was identified
as one of the options. Because of lack of appropriate preparation
methods in literature a new preparation technique for silver tips was
developed. Though the procedure is not yet optimized first test mea-
surements utilizing these tips were performed on Rhodamine 6G on
top of a silver substrate. First results prove the functionality of the
set-up. It is expected that further improvement of the silver tip prop-
erties will enable for nanometric resolution spectroscopy.
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