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ABSTRACT

The development of nano-devices for sensing molecules, both biological and non-biological is

one of the most important and thriving fields of nanotechnology. The possibility to investigate

living cells and their characteristics at a molecular level contributed to the great advance of

biological studies in the last decades.

Among  the  most  investigated  techniques,  Scanning  Probe  Microscopies  (SPM)  have  a

prominent  position:  non-destructiveness,  low  perturbation  of  the  sample,  possibility  of

measurements in air and in liquid make them perfectly suited to biological studies. These

techniques  however  lack  chemical  recognition  of  the  analysed  surfaces.  Many  cell

mechanisms can be explained only understanding the chemistry involved: the integration of a

spectroscopic technique is therefore essential to have insights on the phenomena under study.

One of the most investigated spectroscopy for such an integration is Raman: its interaction

with molecular and crystal structures allows for chemical recognition. It has been widely used

in studies of organic samples an biosensing and it provides non-destructive measurements. 

A smart  combination of   a  SPM technique and Raman Spectroscopy is  the so-called Tip

Enhanced Raman Spectroscopy (TERS) where the same probe that is used to reconstruct the

sample mechanical properties with nm resolution is also used to illuminate locally the sample

to  extract  chemical  information.  The  high  resolution  spectroscopy  combined  with  the

topography of the SPM makes TERS a powerful tool for the investigation of nanometrical

features. At the present, however, no commercially available TERS probe can provide reliable

and reproducible results with high Raman enhancement.
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With this thesis work we explored the realization of a TERS probe based on a semiconductor

NW grown epitaxially on the apex of an AFM cantilever. This design, compatible with the

commercially available equipment, aims at the  use of the plasmonic resonance created in  the

noble metal nanoparticle present on the top of the nanowire to greatly enhance the Raman

signal. The high aspect ratio of this nanostructure can lead to high-resolution topography and

spectroscopy.

We will first introduce the basics of SPM and give an example of a study of cells by AFM in

Chapter 1: the effect of the uptake of asbestos fibers and carbon nanotubes by  mesothelial

cells is reported.

In Chapter 2 we briefly  present the growth mechanics for Si nanowires, with a summary of

the results obtained for Si NWs. A study of the citotoxicity of ZnSe and Si nanowires follows:

living cells were seeded on nanowires and their proliferation, behaviour and adhesion was

measured as a mean to verify the compatibility of  NWs with the imaging of living cells.

Chapter 3 reports Raman measurements of GaAs NWs and the change in crystal structure of

these upon annealing at high temperatures.

Studies  of  the  SERS effect  on  semiconductor  nanowires  are  presented  in  Chapter  4:  the

plasmonic resonance on ZnSe, Si and GaAs NWs was modelled by Finite Element Method.

The absorption spectra and the Raman enhancement factor of the same wires were measured

and an understanding of their SERS capability is presented.

Finally we propose in Chapter 5 a novel fabrication process for the localized growth of NWs

on AFM cantilevers as TERS tips. Appendix A reports a brief explenation of the fabrication

processes mention along the thesis presentation. 
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Lo sviluppo di nano-dispositivi per la misura di molecule biologiche e non biologiche è uno

dei campi più importanti e in via di sviluppo della nanotecnologia. La possibilità di studiare

cellule in vivo e di capirne le caratteristiche a livello molevolare ha contribuito enormemente

all'avanzamento degli studi biologici negli ultimi decenni.

Fra le tecniche più utilizzate,  le  Scanning Probe Microscopies (SPM) hanno una speciale

rilevanza: sono non distruttive, con una bassa perturbazione dei sistemi studiati e permettono

misure in aria e in liquido. Tali tecniche tuttavia non permettono il riconoscimento chimico,

aspetto importante nello spiegare molti meccanismi cellulari.

Una delle spettroscopie più utilizzate a tale scopo è il Raman, che permette il riconoscimento

delle specie chimiche senza danneggiare i campioni ed è stato ampiamente utilizzato in molti

studi biologici.

Una combinazione di una tecnica SPM e della spettroscopia Raman è il Tip Enhanced Raman

Spectroscopy (TERS): la stessa punta è usata per ricostruire le proprietà meccaniche e per

illuminare localmente il campione per estrarne informazioni chimiche.  Tale combinazione

rende il TERS uno strumento molto potente per lo studio di strutture nanometriche.

In questo lavoro di tesi abbiamo esplorato la possibilità di realizzare una punta TERS basata

su  un  nanofilo  in  materiale  semiconduttore  cresciuto  epitassialmente  sulla  punta  di  un

cantilever per AFM. Il dispositivo,  compatibile con le strumentazioni AFM disponibili sul

mercato,  ha come scopo lo sfruttamento della risonanza plasmonica creata nella particella

metallica presente sulla cima del nanofilo: il segnale Raman può essere potenziato sfruttando

il campo elettrico molto intenso creato in questo modo.
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Nel primo capitolo si introduce le basi della tecnica AFM e vengono presentati due studi

compiuti su cellule mesoteliali tramite questa microscopia.

Nel secondo capitolo vengono presentati i nanofili in silicio: sono riportati i risultati ottenuti

nella crescita di tali strutture, quindi vengono analizzate la citotossicità e la proliferazione di

cellule su substrati di nanofili di silicio.

Misure di microscpettroscopia Raman su nanofili di GaAs sono riportate nel capitolo 3: è

stato studiato il cambiamento di struttura cristallina di tali nanofili dovuta a procedimenti di

riscaldamenti controllati.

Il capitolo 4 affronta lo studio delle proprietà SERS di nanofili di materiali e strutture diverse;

sono presentati risultati sperimentali e calcoli ottenuti tramite simulazioni ad elementi finiti

(FEA).

Infine nel capitolo 5 presentiamo un innovativo procedimento per la fabbricazione di punte

TERS a singolo nanofilo. In Appendice sono presentate brevemente le tecniche fabbricative

usate durante il lavoro di tesi.



1  SCANNING PROBE 

MICROSCOPIES

Many phenomena in nature occur at surfaces: catalysis, friction, adhesion, sensing, and many

other chemical and physical processes. Probably the most important advancement in the last

twenty years in the understanding of these problems was the development of the techniques

which  fall  under  the  Scanning  Probe  Microscopies  definition:  Scanning  Tunneling

Microscopy, Atomic Force Microscopy, Scanning Near-field Optical Microscopy, Shear Force

Microscopy and many others.

Generally speaking an SPM is characterized by a tip with an apex of only few nanometers;

this is brought in contact or very close to the surface and through the interaction typical of the

specific  technique,  features  with  diameters  of  a  few  nanometers  can  be  measured.  The

resolution is  well  beyond the diffraction limit,  which had previously limited the study of

samples not compatible with Scanning Electron Microscope or similar techniques.
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1.1 Atomic Force Microscope

The  Atomic  Force  Microscope  is  a  powerful  instrument  in  the  characterization  and  the

imaging of  surfaces.  It  has  been developed shortly  after  Scanning Tunneling  Microscopy

(STM), in 1986, by Gerd Binning, Heinrich Rohrer (both already Nobel prize for STM) and

Christoph Gerber. However the AFM interacts with the surface in a much more complex way

than  the  STM;  this  created  some  difficulties  which  were  not  immediately  solvable.  The

conditions needed to achieve atomic resolution (or subnanometer, as it is called in biological

molecules studies) were reached only years later. AFM is now a microscopy technique with

many interesting possibilities; it is possible to investigate almost all kind of samples, both in

solid state sciences, with topographies and spectroscopies, and on biological samples, due to

the possibility to reach subnanometrical resolution in ambient conditions, and independently

of the sample physical and chemical properties.

1.2 Working principles

In the STM, the tunneling current flowing between the tip and the sample is measured: this

phenomenon is described by a monotonic, continuous equation  that depends

exponentially on the tip-surface distance; the constant 1/κ ≈ 1 Å limits the range of relevant

and measurable currents to a few Å. It is therefore immediate to transform the current signal

to the sample topography.

The AFM reads the deflection induced on a micro-fabricated cantilever by the interaction

between the  measuring  tip  of  the  instrument  and the  surface  of  the  sample:  these  forces

originate at atomic level, hence the name. Since the cantilever can be modelled as an ideal

spring, the cantilever deflection is directly proportional to the force intensity which can be

thus precisely measured. The deflection is usually measured with an optical lever system: a

four  quadrants  photodiode  detects  the  movements  of  the  reflected  spot  of  a  laser  beam,

focused on the end of the cantilever, as this oscillates. 
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The  force  acting  on  the  tip  of  the  AFM  is  the  result  of  many  short  and  long  range

contributions that can be either attractive or repulsive depending on their origin. The resulting

behaviour is not monotonic (see fig. 1.1): the

total  force  is  a  sum  of  the  short-range

interaction  (described  by  Morse  potential)

and  long range  interactions  (van  der  Waals

forces).

AFM  topographies  of  the  surface  are

obtained by the interaction of a sharp tip with

the surface: the front atom of the tip should

ideally  be  the  only  atom  that  interacts

strongly with the sample. In order to increase

the resolution of the instrument, the tip radius

should be as small as possible.  Most of the

used  tips  are  silicon-based,  since  due  to

anisotropic etching (e.g. KOH) very sharp apexes can be obtained with a high hardness; it is

necessary in fact that the tip-sample interactions (contact is common during measures) don’t

damage the  tip  itself.  In  [001]-oriented  silicon tips,  the  front  atom exposes  two dangling

bonds (if bulk termination is assumed) and has only two connecting bonds to the rest of the

tip. If we assume bulk termination, it is immediately evident that tips pointing in the [111]

direction are more stable, because then the front atom has three bonds to the rest of the tip

(see fig. 1.2).

Figure 1.2:  a) [001] direction tip (bulklike approximation) b) [111] direction tip.

Figure  1.1:  Approximated  tip-sample
interaction  forces  and  comparison  with  the
mono-tonic tunneling current.
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The  central  element  of  a  force  microscope  and  its  major  instrumental  difference  from a

scanning tunneling microscope is the spring which senses the force between tip and sample.

For  sensing  normal  tip-sample  forces,  the  force  sensor  should  be  rigid  in  two  axes  and

relatively  soft  in  the  third  axis.  This  property  is  fulfilled  with  a  cantilever  beam.  For  a

rectangular cantilever with dimensions w, t, and L (see fig. 2.4), the spring constant k is given

by 

(Equation 1.1)

where Y is the Young modulus. 

The fundamental eigenfrequency  is given by                            

           (Equation 1.2)

where  is the total mass of the cantilever and  is the mass density of the cantilever

material. 

An AFM probe can be described by the following characteristics:

• spring constant  k: stiffer cantilevers reduce the noise but are also less sensitive to

forces and damage the sample;

• frequency : the eigenfrequency of the system is dependent on the spring

constant k and on the dimensions  of the cantilever; typical values are in

the 5 kHz - 300 kHz range;

Figure 1.3: a) AFM tip cantilever structure b) AFM silicon tip on a cantilever
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• quality  factor  Q: it's  defined  as  the  ratio  between  the  energy

provide/dissipated  to/by  the  oscillating  system  (the  cantilever)  at  each

cycle and the total energy stored in the system (kinetic/elastic energy of

the cantilever); it describes the efficiency of the device and depends on

the  damping  arising  from  the  interaction  between  the  cantilever,  the

sample and the ambient medium. For ambient operating AFM it strongly

depends on the air viscosity; it typically amounts to a few hundreds, but in

UHV it reaches .

1.2.1 Resolution of AFM topographies

The thermal noise is the greatest limit to vertical resolution; for the optical lever system, the

thermal noise of a free rectangular cantilever can be calculated by the equation12

(Equation 1.3)

 Boltzmann constant, k spring constant of the cantilever, T absolute temperature. At room

temperature, 298 K, the thermal noise is 0.074 nm for a free cantilever of k = 1 N/m. Most

commercial AFM instruments can reach a vertical resolution as low as 0.01 nm for more rigid

cantilevers. The lateral resolution is defined as the minimum detectable separation d with a tip

of  radius  R between  two  sharp  spikes  with  height  difference  ∆h.  If  ∆z  is  the  vertical

resolution,3

(Equation 1.4)

Considering that the resolution in Z is always

much better that samples height (one atomic

plane on a crystal is about 0.25nm) we can

approximate  eq.  1.4 as  ;  the  tip

sharpness  is  the  crucial  resolution-limiting

factor,  i.e.,  resolution  is  probe-limited  as

verified by experiments.

Figure  1.4:  Lateral  resolution:  tip
interacting with the surface atoms.
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Due to the finite sharpness of AFM tips, the apparent width of a surface feature is

larger than the real width, as seen in fig.  1.4. This is the so-called convolution

effect which must be considered for correctly interpreting AFM images.

Atomic  resolution  of  AFM is  defined  as

the capability of AFM to resolve single or

multiple atomic-scale entities separated by

an  atomic-scale  distance.  Atomic-scale

entities include surface atoms, molecules,

complexes, point defects, dislocations, and

grain  boundaries.  One  of  the  first

examples  of  atomic  resolution  is  the

imaging  of  the  7x7  reconstruction  of

silicon  surface  by  Giessibl  et  al.;  other

studies  reported  similar  high  resolution

results in UHV4 (see fig. 1.5).

Similarly,  subnanometer  (molecular)

resolution can be defined as the capability

of  AFM  to  resolve  single  or  multiple

subnanometer  entities  separated  by  a

subnanometer distance. We report in fig.  1.6 an example of high-resolution AFM images of

Hexagonally  packed  intermediate  (HPI)  layer,  a  typical  bacterial  surface  layer,  of

Deinococcus radiodurans.5

Figure  1.6:  High-resolution  topographs  of  the  outer  surface  of  the  HPI  layer
simultaneously recorded in trace and retrace directions.

Figure  1.5:  Example  of  atomic  resolution  image:
AFM  image  of  the  silicon  surface  7x7
reconstruction. A comparison between (A) an AFM
image  and  (B)  empty-and  (C)  filled-state  STM
images. The 7x7 unit cell is outlined in the filled-
state STM image.  4
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1.2.2 Operation modes

1.2.2.1 Static mode

In static mode, the deflection of the cantilever without any forced oscillation is measured. The

cantilever should be soft  to prevent  damage to the samples during the scan.  Thus typical

values for k in the static mode are  N/m - 1  N/m. Measurements can be performed at

constant  height or  constant  force:  the  piezoelectric  movement  system  is  driven  with  a

feedback loop, so that the desired quantity is kept constant. The data interpretation is quite

simple, since a mapping   is obtained.

1.2.2.2 Dynamic mode-Amplitude modulation: tapping mode

Static  mode  AFM, especially  in  ambient  conditions  if  the  tip-sample  forces  are  strongly

repulsive,  can  damage  the  sample  surface;  this  is  much  more  important  in  analysis  of

biological samples (DNA, cells). Dynamic mode is capable of overcoming these problems.

The cantilever is mounted on an actuator, usually a piezoeletric; it is sometimes actuated with

optical  means,  such as pulsed lasers.  There are  two basic methods of dynamic operation:

amplitude-modulation (AM) and frequency-modulation (FM).

In AM-AFM the actuator is driven at a fixed frequency , where  is close to but not

necessarily coincide with the cantilever eigenfrequency , and the oscillation amplitude

and phase are monitored.  When the  tip  approaches  the  sample,  elastic  and  inelastic

interactions cause a change in both the amplitude and the phase (relative to the driving signal)

of the cantilever. These changes are used as the feedback signal, varying the actuation :

the amplitude variation is then measured.

Another  kind of  AM-AFM measurement  mode is  the  tapping (or  intermittent)  mode:  the

oscillation amplitude is big enough to allow the tip to touch the surface, retracting shortly

after;  repulsive  forces  are  involved,  the  tip  is  closer  to  the  surface  and  the  resolution

significantly increases.
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1.2.2.3 Dynamic mode-Frequency Modulation: noncontact mode

In FM-AFM a shift  in the oscillation frequency is  measured,  while the amplitude is kept

constant. The system response is faster: .

Forces  between tip and sample cause a change in . The shift in eigenfrequency

is approximately given by

(Equation 1.5)

For small amplitudes, the frequency shift is independent of the amplitude and proportional to

the tip-sample force gradient . For amplitudes that are large compared to the range of the

tip-sample force, the frequency shift is a function of the amplitude, .

Increasing  the  oscillation  amplitude,  the frequency shift  is  decreased;  moreover  the force

exerted by the tip on the sample is also increased. Smaller amplitudes lead to an increased

interaction in the short-range force range: the sensibility to such phenomena is thus increased. 
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1.3 AFM measures of biological samples

AFM  is  a  powerful  techniques  in  measuring  biological  sample:  it  can  obtain  very  high

resolution images of fixed cells, biological tissues, DNA structures and many other biological

samples  without  the  necessity  of  metallization  required  by  techniques  such  as  SEM and

avoiding the problems involved by working in UHV conditions. It is possible to image the

sample in liquid environments and in air with high resolution. 

I present in the following two experiments of AFM

applications that I performed during my PhD thesis.

The  measurements  wereperformed  with  a  JPK

Nanowizard  AFM  coupled  with  a  ZEISS  inverted

microscope.  The  images  were  acquired  in  tapping

mode to minimize the possible sample deformations.

The oscillating amplitude was also kept low enough

to prevent as much as possible alteration of the cells:

resolution, image quality and reproduction of the real

cell shape was ensured. The tips used are NanoWorld

Arrow-NCR-50 (see fig.  1.7): the cantilevers are 160 μm long, with  a force constant of 42

N/m and a resonance frequency of 285 kHz.

1.3.1 Radiation damage on fixed cells

X-ray microscopy is  a  technique  used for  high resolution  imaging of  both inorganic and

organic  samples:  it  provides  subnanometrical  resolution,  high  penetration  and  chemical

sensitivity. The radiation damage in biological samples however limits the applications of this

technique. The soft X-ray part of the spectrum (1 keV – 10 keV) is particularly disruptive

toward  biological  tissue,  due  the  high  absorption  cross-sections  of  carbon,  nitrogen  and

oxygen:  bond  breaking  and  mass  loss  are  typically  observed  in  X-ray  exposure.  Cell

apoptosis, and DNA mutations were reported in living cells and mass loss and  shrinkage even

for fixed cells.7

The amount of radiation damage and subsequently the shrinkage and mass loss related to X-

ray  measurements  is  especially  important  if  we  are  interested  in  quantitative  element

Figure  1.7: SEM image of an ARROW
AFM tip
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mapping. In this work, the AFM was used to assess variations in cell shape and thickness, as

well as morphological variations. AFM measurements are non-invasive and don't affect in

relevant  or  permanent  ways  the  cells;  AFM  is  thus  a  useful  complement  to  scanning

transmission X-ray microscopy (STXM). The evaluation of the biochemical changes in the

cells was performed by  Synchrotron Radiation FTIR Microscopy (SR-FTIRM). FTIRM is

non-destructive, since it probes matter by using low-energy photons (0.05-0.5 eV) in the Mid-

Infrared regime,  exciting vibration modes of cellular  biomolecules,  without  crossing their

ionization threshold.

In the present work it was investigated the morphological and chemical change of formalin

fixed Human Embryonic Kidney 293 cells (Hek293T) exposed to synchrotron radiation soft

X-ray. The cells were fixed on 1  thick nitride membranes with formalin, then air dried.

The experiments were performed according to the following scheme.

0. AFM and FTIR measures of fixed cells

1. Vacuum drying at  mbar for 1.5 hours and then measured with FTIR

and AFM

2. Exposure to a low X-ray dose (  Gray), then FTIR and AFM

3. Exposure to a medium X-ray dose (  Gray), measures as above

4. Exposure to a high dose (  Gray), measures as above.

Figure 1.8: AFM topography of a measured cell after step 0. 
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FTIR measurements were performed at SISSI beamline in the Elettra Sincrotrone;

X-ray exposure was done in the STXM at TwinMic beamline in the same facility: a

monochromatic  beam  is  focused  in  a  sub-micron  spot  and  the  sample  are

scanned by the light probe. The transmitted X-rays are collected by a FRCCD

camera8. This setup allows to construct absorption and phase contrast images,

while  the  emitted  X-ray  fluorescence  photons  are  acquired  by  8  Silicon  Drift

Detector symmetrically facing the specimen9.

Here I discuss in particular  the cellular damage induced on the same three cells,

taking into account the changes in volume and density.  The formalin-fixed and

air-dryed cells have an epithelial morphology, with several pseudopodia (see fig.

1.9 a,f,k).  Dehydration  in  vacuum leads  to  negligible  changes  in  high  in  the

Figure 1.9: AFM images of the 3 analysed formalin-fixed cells (Cell1 a-e, Cell2 f-
j, cell 3 k-o) during the 5 stages: Air-dried (a,f,k), Vacuum-dried (b,g,l), low X-ray
dose exposure  (c,h,m), medium X-ray dose exposure (d,i,n) and finally high X-ray
dose exposure (e,j,o).
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measured cells, with a variation of only a few nanometers of difference. More

extensive  variation  can  be  appreciated  in  subsequent  steps:  numerous  pits,

bulges  and  inhomogeneity  are  visible  in  AFM images.  There  is  no  significant

cellular shrinkage, while with increasing dose the degradation and the thinning of

the pseudopodia terminations becomes more and more relevant.

Comparing these results with SR-FTIRM,

it  is  possible  to  appreciate  an

outstanding decline of spectral intensity

for  all  the  aforementioned

macromolecular  cellular  constituents

upon X-ray exposure and that the extent

of  the  variations  is  dependent  on  the

cumulative  dose:  for  the  highest  dose,

the  vibrational  signals  vanish  almost

completely (see fig. 1.10). 

The  FTIR  measurements  suggest  that  the

ionizing  effects  of  low-energy  X-rays  on

formalin  fixed  cells  primarily  induce  the

oligomerization  of  bio-macromolecules;  it

affects then their constitutive monomers up to

the formation of small volatile compounds and

comprehensive disintegration of the vibrational

architecture.  This  hypothesis  is  supported  by

the density analysis obtained by combining X-

ray absorption and AFM images.

The density  of a specimen can be calculated

from the  thickness   measured  by AFM, the

mass absorption coefficient  of the cell, the

beam  intensity   and  the  measured

intensity :

(Equation 1.6)

The density maps show indeed a progressive reduction of the cell average density with the

increasing  dose  (see  fig.  1.11):  the  AFM  shows  a  almost  constant  volume  with  small

Figure  1.10:  Chemical  Images  of  the
distribution  of  cellular  proteins  ,  lipids  and
nucleic  acids  at  different  experimental  stages
for  Cell1.  The  optical  image  of  the  cell
acquired after Step 4 is also shown. Scale bar:
Proteins  (Min:  0  –  Max:  10.3  a.u.);  Lipids
(Min: 0 – Max: 2.3 a.u.); Nucleic Acids (Min: 0
– Max: 0.65 a.u.). 
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reductions, while the FTIR measurements show an almost complete loss of vibrational signals

for high doses. These results suggest the ionization of covalent biomolecules and evaporation

of volatile compounds, leading to a density reduction of the cells. 

Figure 1.11: Density maps measured after the 3 different levels of soft X-ray doses: low (a),
medium (b) and high (c).
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1.3.2 Crocidolite and carbon nanotubes uptake in cells

Asbestos is a group of natural hydrated silicate minerals with fibrous composition;  the fibers

that constitute these materials have lenghts varying  from less than a micron to a few hundreds

of micrometers. They are a long known cause of cell  mutation and cancer in mammalian

lungs10,  and  fibers  longer  than  8   and  thinner  than  0.25   in  diameter  were

reported as always carcinogenic. Shorter fibers have been also reported as mutagen11 with

possible interactions with macrophages as important factor in the cellular response. The cell

response is usually dose related; the presence of iron on the fiber surface seems to be relate to

the  cell  toxicity.  Many  of  the  asbestos  fibers  are  mutagen  materials12 but  among  them

crocidolite, containing up to 27%  of iron by weight, is one of the most potent carcinogenic. It

is thus a well suited comparison for studies of possible mutagen effects due to nanomaterials.

Carbon  nanotubes  are  a  promising

material  for  their  mechanical,

chemical and electrical properties.13 A

carbon nanotube (CNT) is formed by

a hexagonal network of carbon atoms

rolled up into a hollow cylinder, with

each  end  capped  with  half  of  a

fullerene molecule. This structure has

great tensile stress and is remarkably

light.  The  possibility  to  incorporate

them in  nanocomposite  materials  to

obtain compounds with particular characteristics (high flexibility, high electrical conductivity,

mechanical  strength)  is  an

very  attractive.  An

understanding  of  the

interaction of CNTs with cells

is  thus  essential  prior  to  the

introduction of such materials

in  mass  production  and

commercial products. Figure 1.13: AFM image of the top part of the cell in fig.
1.12 a).

Figure  1.12:  Optical  images  of  cells   in  presence  of
crocidolite fibers.
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Several  samples  of  mesothelial  cells   were  exposed to  single  wall  carbon nanotubes  and

crocidolite solutions; the samples were then fixed with formalin (see fig. 1.12).

AFM measurements were performed in tapping mode; the interaction between tip and sample

was kept as low as possible to minimize the cell deformation and also the interaction with the

fibers or nanotubes. The nanostructures sticking out of the cells are in fact very flexible and

they can create artefacts in AFM measurements.

Figure 1.15: AFM topographies of two cells with pristine carbon nanotubes addedd after grafting:
they appear to be extensively damaged.

Figure 1.14: AFM topography of cell from fig. 1.12 b) in presence of
crocidolite fibers.
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AFM topographies displayed the presence of crocidolite fibers penetrating the cell membrane:

the AFM images provide informations about how deep the penetration is. From fig. 1.14 And

fig. 1.13 it can be seen that the fibers remain in proximity of the cell membrane.

In the case of carbon nanotubes, the cells

were  also  found  to  be   badly  damaged,

with  clear  signs  of  apoptosis,  structural

damage and deformation (see fig. 1.15). In

the  case  of  small  carbon  nanotubes,  the

nanostructures  cannot  be  seen  in  the

topographies,  while  for  longer  CNT it  is

possible to see their position both outside

and inside the cells (see fig.  1.16 and fig.

1.18). 

We tried to investigate also the uptake of

fibers if the cells are grown on a layer ofFigure  1.17:  Cells  cultivated  with  CNT,  visible
outside the cells.

Figure  1.16:  Topography  of  a  cell  in  presence  of  CNT:  the
nanotubes are distinguishable both outside and  below the cell
membrane.
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crocidolite or CNT, instead of adding the nanomaterials after seeding the cells (as it was done

before).

An example of these samples is shown in fig. 1.18: a crocidolite fiber is visible under the cell,

remaining on the sample surface. A similar result is shown in fig. 1.19, where a cell grown on

layer of CNT is shown.

 

Figure 1.19: Cell grown on carbon nanotubes: they are visible on the border of
the cell.

Figure  1.18: Mesothelial cell  grown on top of a crocidolite fiber, clearly
seen sticking horizontally from the cell.
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2  NANOWIRES

Nanowires (NWs) are usually defined as narrow structures with radius smaller than a few

hundred of nanometers and aspect ratio higher than 1000. This purely geometrical

description group together  nanowires of  different  materials  and with  different

fabrication  processes:  metal  nanowires  are  mostly  obtained  from  chemical

etching of wires with diameters of hundreds of microns; semiconductor nanowires

are instead grown. The NWs growth process is defined as the mechanism of in-

taking of some specific reactants and the subsequent stacking of these into an

ordered,  quasi  one-dimensional  structure;  this  system is  crystalline,  with  the

presence  of  defects  depending  on  growth  conditions  or  the  crystal  lattice

structure differences between the NWs and the substrate. 

Three elements play a key role in NWs growth: catalyst, reactants and the NW

body.  Different  growth  mechanisms  can  be  differentiated  depending  on  the

thermodynamic phase of these elements: 

• Vapor-Liquid-Solid  (VLS)  happens  when  a  gaseous reactant  is

incorporated by a liquid catalyst and deposited into a solid NW.

• Vapour-Solid-Solid differs from the previous one for the solid catalysts

• Liquid-Liquid-Solid can be found when supplying liquid reactants to the system. 
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2.1.1 VLS mechanism

The VLS mechanism was first studied in details by

Wagner  et  al.1 and  it  is  a  well-known and  widely

used technique in NWs growth.  We will refer in the

following to silicon nanowires, but the phenomenon

is  common  to  NWs  composed  by  many  other

materials. 

A VLS growth happens when a catalyst in form of a

nanocluster  is  exposed  to  a  gaseous  reactant:

different  materials  can  be  used  as  catalyst  and

different  precursor  gases  are  employed.  The

phenomenon  is  common  to  all  these  material:  the

phase diagram of some systems composed by silicon

and another metal possesses a minimum depending on the composition of the alloy. Gold-

Silicon alloys for example have a melting temperature minimum of  = 363  at 19

atom % of Si (see fig. 2.2). This point is 700 K lower  than the melting point  of pure Au and

1000 K lower than that of Si. A gold nanoparticle in a system with Si available in the gas

phase  and  at   will  incorporate  Si  atoms;  the   alloy  will  melt  upon  reaching  a

composition of 19% of Si. Since in this state the system is at an energy minimum, all the

Figure  2.2:  Phase  diagram of  a  gold-
silicon system. 

Figure  2.1: a) VLS schematics for Si NWs; b) and c)  SEM images of Si  NWs grown on Si
<111>7.
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incorporated Si in excess of this  value will  precipitate on the bottom of the nanoparticle,

creating so the NW (see fig. 2.1)2.

Most of the NWs growth techniques are based

on this  phenomenon and  a  lot  of  metals  form

eutectic alloys with Si: Au-Si systems however

exhibit  the lowest   and Si solubility is

the higher, making this a preferable solution in

many applications.

The drawback of  these materials  is  due to  the

gold diffusion along the nanowire length: other

catalyst  materials  can  be  chosen  in

semiconductor industry and CMOS integration,

since this phenomenon leads to the creation of

deep-level  defects  not  suitable  for  electronic

devices. 

Semiconductor NWs grow along preferential directions when the catalyst nanoparticles are

placed on a de-oxidized, clean crystalline semiconductor substrate. The lattice constant of the

substrate should be close to that of the NW crystal to avoid strain due to lattice mismatch: the

latter gives rise to crystal defects and possible kinking. Depending on the crystallographic

orientation  of  the  substrate  surface,  several  possibilities  are  favoured:  more  details  are

presented in Table 1 and a visual representation of the growth direction is shown in fig. 2.3.

Figure  2.3:  NWs  grown  epitaxially  on
different substrates: a) and b) Si <111>; c)
and d) Si <001>; e) and f) Si <110>3
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Substrate Growth directions Angle to the surface Angle between NWs

(001) 4 35.3 90

(110) 2 54.7 180

(111) 4 19.5 (3 directions)

90 (1 direction)

120

Table  1:  Preferable  growth  direction  and  geometric  relationships  on  different  substrate

orientations3.

NWs orientation is affected also by other conditions3:

• Substrate cleaning or oxidation: the top layer of the substrate plays an important role

in the nucleation of the NW in the initial stage of the growth. The native oxide or

contaminants must be removed and the crystalline structure of the substrate exposed to

the catalyst.

• Diameter of the NW: several studies4 have reported that NWs with radii smaller than

a certain critical value have a tendency to grown in preferred directions; it was found

that for Si NWs, for example, the smallest-diameter (< 10 nm) nanowires almost∼

exclusively grow along the <110> direction, and larger-diameter wires can grow along

either the <111> or the <112> direction depending on the growth conditions, such as

temperature and pressure. The NWs grow in a direction that minimize the total free

energy  and  below  a  certain  diameter  the  surface  energy  becomes  dominant,

determining the growth direction.

• Temperature or  pressure changes during  the  growth  can  give  rise  to  change of

orientation:  this  phenomenon,  sometimes  referred  as  kinking,  can  be  either  an

unwanted incident or a a way to actually tune the growth direction of these structures5.
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The catalyst nanoparticles shape is typically quasi-spherical; the exact shape can be described

by three quantities for a VLS system:  surface tension of the liquid droplet,  is the

tension  of  the  solid  wire  and   is  the  interface  tension  of  the  liquid-solid

interface. At equilibrium, the Neumann relation relates the contact angle  of the

droplet to the inclination  of the NW wall:

(Equation 2.1)

At equilibrium the forces acting on

the  nanoparticle  will  cancel  each

other. The previous equation holds

for LSL or LSS systems with the due

changes to surface tensions.

The  catalyst  nanoparticles  can  be

solid  or  liquid  during  the  growth,

depending  on  the  temperature  of

the  system:  this  can  change  the

final shape of the particle, as seen
Figure  2.5:  Au  catalysed  Ge  NWs:  a)  liquid  state
particle, b) solid state particle4

Figure 2.4: Top: SEM images,  initial stages of Si NW growth. Middle:
schematics of stages a)-e) and (bottom) surface tensions and angles at
the nanoparticle boundaries for each stage.
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in fig.  2.5:  a liquid particle will  have a quasi-spherical  shape, due to the VLS

process,  while  a  VSS  process  will  involve  a  solid  particle  and  exhibits

nanoparticles  with  a  polyhedron-like  geometrical  shape.  The  most  common

shapes are the decahedron (10 faces)  and the icosahedron (20 faces) (see fig.

2.6): these multi-crystalline particles have faces along (111)  fcc crystal planes

and  are  commonly  observed  not  only  on  nanowires  but  also  on  single

nanoparticles obtained from evaporation6. 

Non-spherical nanoparticle shapes can be obtained after a VSS growth by purification: this

process involves exposition of the NW to a gas flux of elements capable of reacting with the

metal alloy of the nanoparticle. The reactants previously absorbed by the nanoparticle react

with  the  gas  and  form  a  solid  layer  outside  the  metallic  tip  of  the  NW. The  resulting

nanoparticle is pure metallic. 

Figure  2.6: A) Decahedron and icosahedron, two of the most commonly found nanoparticle
shape, and (B,C,D) SEM images of nanoparticles and nanowires with these geometrical shapes.
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2.1.2 Si NWs growth methods

Silicon nanowires can be grown with a variety of different methods; in the following we

present four of the most commonly used techniques7:

1. Chemical  Vapour  Deposition  (CVD)  reactions:  as  previously  discussed,  the

reactants  are  provided  in  gaseous  form.  The  necessary  silicon  for  wire  growth  is

provided by an oxygen-free precursor. The most frequently used precursors are silane,

,  disilane,  ,  dichlorosilane  (silicon  dichloride),   ,  and

tetrachlorosilane  (silicon  tetra-  chloride),  .  The  main  difference  in  choosing

clorine compounds or silane one is the decomposition temperature: for , growth

temperatures typically range from about 800°C to well beyond 1000°C, compared to

temperatures of about 400-600°C, typical for Si wires grown in the presence of silane.

For high temperature CVD growth, due to the exponential temperature dependence of

the Si wire growth velocity and the high temperatures applied, growth velocities can

be quite substantial. Often wire growth velocities on the order of µm/min or even µm/s

are observed. Although this is not of major concern considering the growth of Si wires

with micrometer lengths, such high growth velocities represent a restriction for the

controllability if synthesis is aimed at Si nanowires of sub-micrometer lengths. 

In contrast to tetrachlorosilane, silane already decomposes at about 350 °C so that the

temperature range from the Au-Si eutectic at  363-700 °C is  fully covered.  Typical

silane  partial  pressures  range  from  0.1  mbar  to  1  mbar  which  results  in  growth

velocities  on  the  order  of  nanometers  per  second.  Concerning  the  pressure

dependence,  growth  velocity  increases  approximately  linearly  with  silane  partial

pressure. Nanowire growth velocities related to the use of silane as precursor show an

exponential  dependence  on  inverse  temperature   where  =19  1.5

kcal/mol. Combining the pressure and temperature dependencies, one can obtain the

following estimate for the temperature and pressure dependence of the growth velocity

of Au- catalyzed nanowires: 

(Equation 2.2)

with  is the partial pressure of silane.
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2. Solution based techniques: perfect crystalline structure can be grown in supercritical

fluids,  with  a  liquid-liquid-solid  mechanism  of  growth  different  from  VLS.  This

method  can  use  solid  particles,  and  it's  quite  attractive  for  the  high  yield,  thin

nanowires, high crystalline quality.

3. Molecular Beam Epitaxy (MBE): elemental Si, evaporated from a highly purified

source, is used as a source. To prevent oxidation or contamination of the substrate or

the nanowires, an ultrahigh vacuum (UHV) system with a base pressure in the 

mbar range is typically used for MBE. To maintain such low pressures even during

nanowire processing,  parts  of  the system are often  additionally  cooled  with liquid

nitrogen.  In general,  Si nanowires grown by MBE are single crystalline and 〈111〈

oriented. They can be grown homoepitaxially on Si without much problem. Nanowire

growth at predefined positions on the substrate is possible. The advantages of MBE

are  clearly  that  the  fluxes  can  be  accurately  controlled.  A precise  control  of  the

incoming  particle  fluxes  is  particularly  important  for  a  possible  doping  of  the

nanowires.

4. Laser ablation: the growths are  performed in a tube furnace into which the laser

ablation target (a mix of Silicon and iron) is placed. Temperatures are a s high as

1200°C and inert gas fluxes are maintained during the ablation. The ablated material

collides with inert gas molecules and condenses in the gas phase, resulting in Fe-Si

nanodroplets, which act as seeds for VLS Si nanowire growth.
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2.2 PECVD/CVD growth of Silicon Nanowires

Chemical Vapour Deposition and Plasma Enhanced CVD have been widely used to produce

silicon NWs; these techniques allow the quick production of large samples. CVD processes

don't require ultra high vacuum (  mbar) and instead work at high precursor partial

pressures (  mbar): this leads to high growth speed, up to some . 

These features make CVD processes versatile, suited for industrial production while they still

allow for epitaxial growth and crystalline orientation selection8. 

In CVD the gas molecules (e.g., silane.) are dissociated by thermal excitation upon interaction

with the heated sample. Usually temperatures above 365° C are needed in Silicon-Gold VLS

processes9;  it  was  reported  the  possibility  that   the  melting  point  of  Si–Au  eutectic

nanoparticles may be lower than

the value reported in bulk phase

diagrams. It has been pointed out

that  size,  precursor  saturation,

and  substrate  effects  could

significantly  shift  the  catalyst

melting  temperature.  Growth

temperatures  as  low  as  300°  C

were  reported;  the  pressure

needed  for  these  processes

however are significantly higher,

since  no  CVD growth has  been

observed under 1.3 mbar10.

In  Plasma  Enhanced  CVD  a

radio-frequency  oscillating

voltage is used for the creation of

glow discharge; this leads to the

dissociation  of  the  gaseous

reactants  into  ionized

components. The pressure of the NWS growth process can be lowered since the components

are already in their atomic form and they can be more easily  incorporated by the catalyst. 

Figure 2.7: a) Scheme of thermal and plasma-enhanced CVD
growth  of  Si  NWs;  b)  the  final  NC  aspect  ratio
length/diameter  decreases  linearly  as  the  dilution  of  the
silane increases and H2 is added.
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Radial  growth  of  NWs  happens  when  the  dissociated

reactants  aren't  incorporated  in  the  catalyst  nanoparticle

but  on the side walls  of  the wire.  This  leads  to  conical

shaped  structures11 (see  fig.  2.8):  this  phenomenon  is

dependent on the ratio  between the dilution gas and the

reactant  gas  in  CVD  processes  (see  fig.  2.7b).  This

phenomenon has been reported as related to the cleaning

of the nanoparticles by the dilution gas, or a restructuring

of the surface10. It was also suggested12 that the tapering of

the wire is  related to the diffusion of gold atoms in the

silicon during the growth.  A high silane partial  pressure

results in saturation of the atomic sites on the Si NWs side-

walls inhibiting the gold diffusion process.

In  PECVD  processes,  the  radial  growth  of  NWs  is

promoted: the plasma provides molecules that are directly

absorbed by the NW walls, without the assistance of the

catalyst (see fig. 2.7a). The radial growth in this case doesn't reduce the particle diameter, as is

the case in CVD tapering. 

2.2.1 Catalyst deposition: dewetting and colloidal solutions

Several techniques are available to the creation of distribution of metal nanoparticles on a

surface. We will take in to consideration two of the most widely used for the growth of Si

NWs: dewetting and colloidal solutions. 

In the first case, a thin layer of gold (<2 nm) is deposited by e-beam evaporation on a clean

silicon surface. The sample is then annealed to a temperature higher than 500° C: the metal

atoms have high mobility at high temperature and rearrange themselves in the lowest energy

configuration, corresponding to separated islands.  Metal thin films, however, do not provide

good  diameter  control  of  the  resulting  nanoparticles  due  to  the  randomness  of  the  film

breakup at reaction temperature: wide diameter dispersions are resulting. This is not desired:

this broad distribution corresponds to a broad response also in many optical and electrical

applications. 

Figure 2.8: Conical shaped Si NWs
grown by PECVD.
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Another  possible  method  involves  the  use  of  gold

colloids: a colloidal solution is dispersed on the sample

surface and the metal nanoparticles are dispersed on the

substrate  after  evaporation  of  the  solvent.  Several

works addressed the used of colloidal solutions13,14; the

adhesion of Au nanoparticles on gold is quite poor and

the adhesion must be promoted either by a linker or by

adding to the solution a small concentration of HF15It

was reported the possibility of epitaxial  growth of Si

and Ge NWs on Si <111> (see fig. 2.9 And fig. 2.10).

2.2.2 Experimental highlights

The Si NWs were grown in a CVD/PECVD system by Kenosystec, using silane dilute in

argon at 10% dilution in volume. Gold was chosen as catalyst. The growth process was as

follows:

1. substrate  preparation:  the  sample  is  cleaned  and,  if  oriented  NWs  on  silicon

substrates are desired, the native oxide layer is removed by dipping in HF solution;

2. catalyst deposition:  the catalyst nanoparticles can be formed by dewetting of a thin

gold layer or by colloidal solution deposition.

3. CVD process: the sample is loaded in the CVD chamber; an annealing step of 10

minutes at T>500° C is required after the film-deposition of the catalyst. If the catalyst

nanoparticles are obtained from colloidal solutions this step can be avoided. 

Figure  2.10:  (a)  Cross-sectional  images  of  nanowire
samples  grown  from 50nm Au  colloids  (scale  bar  1
µm).. (b) Size distributions of Au colloids and resulting
Si NW diameters.

Figure  2.9: (a) Cross-section SEM of
Germanium NWs grown epitaxially on
Si(111) f (b)SEM of the sample in (a)
showing  the  other  three  〈 111〉
growth  directions  and  (inset)
magnified  view  of  vertical  GeNWs
(scale bar is 100 nm),
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The sample is then heated at above 400°C and a flux of SiH4 is kept in order to achieve the

desired silane partial pressure. Growth rates of about 1   per minute are achievable at a

silane partial pressure of 0.1 mbar. 

2.2.3 Growth of Si NWs: results and parameters

We present in the following a brief review of the results in Si NWs growth obtained.

PECVD process: the plasma activation of

the  reactants  allows  the  possibility  of

radial growth, as we have seen; the ionized

species can also deposit on the surface of

the growing NWs  and create a conformal

coverage (see fig.  2.11). The wire is then

covered by an amorphous layer, the gold

NP on the top is  no more exposed to the

reactant  gas.  This  phenomenon  actually

stops the axial growth of the NW and limit

the utilization of these nanostructures for optical and plasmonic applications. 

Disordered NWs on oxidized Si  substrate:  Si  NWs grown by CVD on an  oxidized  Si

substrate present the typical random orientation (see fig. 2.12left). The catalyst NP at the top

Figure 2.12: Left: Si NWs grown on an oxide layer. Right: Au NP visible at the NW top.

Figure  2.11: Wires grown by PECVD: conformal
coverage by amorphous silicon is recognisable.
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of the NW is visible  (see fig.  2.12,  right)  and the contrast  in the SEM image shows the

different composition with  respect to the NW body, differently to PECVD wires (fig.2.11).

Growth of Si NWs from colloidal solutions: colloidal

solutions  were  used  for  catalyst  deposition.  The

resulting NPs can be distributed on the surface with a

variable density, depending on the concentration of the

colloidal solution. At low concentration the number of

NPs  placed  on  the  surface  can  be  less  than  those

resulting from the dewetting process: Si NWs density is

thus  reduced  (fig.  2.13)  and  the  average  number  of

NWs on a surface can be tuned.

Oriented  Nanowires: the  growth  of  oriented  NWs  in  CVD  system  can  be  achieved  if

particular care is taken in the removal of the thin layer of oxide which forms on Si surfaces

upon exposure to oxygen. Si <111> substrates were dipped in HF solution (diluted  10% in

water) to remove the native oxide, then placed in metal evaporator chamber. Since the sample

was exposed to air between the metallization and the NW growth, another oxide removal step

was added. Oriented NWs were obtained (fig. 2.14a); relevant kinking of the NWs is present

(fig. 2.14b), probably due to a change in the conditions during the growth.

 

Figure 2.14: Vertically aligned NWs grown on HF-treated Si <111>.

Figure  2.13:  Si  NWs  grown  from  a
colloidal solution with 60nm Au NPs.
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2.3 Investigation of fibroblast adhesion behaviour on 

silicon nanowires

The application of the growth of semiconductor NW to the microscopic and spectroscopic

purposes is the aim of this thesis: an important issue is in particular the compatibility with

biological  samples  and  the  possibility  of  imaging  on  living  cells.  For  this  reason  it  was

necessary to investigate the citotoxicity of the NWs. We produced glass cover slips coated

with silicon NWs of different lengths (see fig.  2.15), and we investigated cell proliferation

first and cell adhesion in second instance on these substrates.  

Cell  adhesion is a complex biological process that plays a central role in regulating a large

variety of fundamental physiological and pathological cellular activities such as proliferation,

migration, differentiation, metastasis, immunological response, communication development

and maintenance of tissues16. The process is mediated by integrin transmembrane receptors

that  bind to extracellular  environment and recall  a network of cytoplasmatic  proteins  that

ensure  connection  and  communication  with  cytoskeleton.  This  forms  the  basis  of  focal

adhesion-sites (FAs) a dynamic machinery that rapidly assemble and disassemble during cell

migration. In this way these proteins are able to tune a number of signalling pathways that

mediate  cell  adhesion1718.  They  are  sensitive  to  chemical  or  physical  variations  in  the

extracellular matrix that can regulate cell adhesion and as result proliferation and survival. In

general when cells are cultured under conditions that prevent adhesion and spreading, they

stop growing and lose viability19.

Figure 2.15: SEM image of Si NWs grown on a glass coverslip: Au catalyst from dewetting of a
1 nm thick film, growth time of 7 and 10 minutes at 550°C.
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The investigation of the interaction between cells and nanostructured substrates is gaining a

continuous growing interest cause of the large potential applications in the biomedical field.

Well-defined nanopattern  substrates  with  different  geometry  and/or  elasticity  can  strongly

affect cell adhesion, migration, growth and differentiation20. Among nanostructured supports,

nanowires (NWs) have attracted much attention, cause of their nanometric size, high aspect

ratio and a broad range of mechanical, optical and electrical features. Such characteristics

make  them highly  suitable  as  versatile  platform  for  cell  manipulation21,  biosensors  drug

delivery and study of the forces exerted by the cells upon adhesion and migration processes22.

This last  issue is  of particular importance for clarifying the steps of mechanotransduction

mechanism  that  convert  external  mechanical  stimuli  into  biological  response  and  allows

interfacing the cell with the external environment (extracellular matrix, neighbouring cells or

artificially engineered material).

The possibility to exploit the nanowires characteristics in biomedical field requires a deep

understanding of the cell adhesion behavior on such support. Recently some studies have been

carried out on vertically aligned nanowires of different materials23.

Disordered Si  NWs grown on glass are used in this  work:  this  kind of substrate  is  more

flexible and the top surface offered to the cells is much more structured and complex than in

vertically aligned wires.

The interaction of mouse embryonic fibroblast (MEF) on such NWs support is investigated.

We described the early steps of the adhesion behaviour  and quantify the adhesion forces of

MEF on disordered array of Si NWs by single cell force spectroscopy (SCFS). This technique

enables measuring the adhesion strength with high resolution (few pN)  and observing short-

term behavior of the cell adhesion (few second), while standard cell adhesion assays require

long  time  periods  (from  few  minutes  up  to  hours)24.  The  morphology,  cytoskeleton

organization and ability to spread of MEF on Si NWs after culturing are analyzed by scanning

electron microscopy (SEM) and by fluorescence microscopy.  

2.3.1 Si NWs samples fabrication

Si NWs were grown on coverslip glasses in a CVD process, as described before. The catalyst

nanoparticle were formed by dewetting; two group of samples were produced; the samples
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differ by the lengths of nanowires,  while the gold film thickness (and thus NWs density) is

kept constant. Growth time was used to control the NWs length.

For  relatively  short  growing  times  the  NWs  film  is  composed  of  two  distinct  species:

generally NW are short and densely cover the substrate but a few longer NWs are present; this

is due to the non homogeneous diffusion limited growth process in which thin NW grow

faster. However by increasing the growth time the thin NWs growth is limited by substrate-to-

tip diffusion, and eventually all NWs have the same length. We investigated relatively short

and long NWs, in order to match the NW mechanical properties with the typical biological

forces involved in focal adhesion formation. A 2  long 40nm diameter silicon NWs has an

elastic constant of about 2mN/m, which upon a displacement of 100nm produces a force of

200pN. Triplicating the length the same displacement produces only about 10pN. Thus we

choose two sample composed on average of  40nm diameter and 2  long NWs (short) and

40nm diameter and 6  long NWs (long). However this are only representative values since

the distribution of diameter and length is random and  wide. Moreover as discussed before,

short growth tima samples always present long and thin wires. Two representative images of

the two samples are displayed in fig. 2.15.

2.3.2 Proliferation analysis

In order to evaluate the citoxicity of NWs a proliferation assay of MEF cells on NWs was

performed. Similar proliferation of cells on ZnSe wires was performed to compare the effect

of different NWs materials on cells proliferation.

MEF were seeded on 2  NWs, 6  NWs, and gelatin coated glass-cover slip. Cells were

kept in 5%O2/5%CO2 incubator at 37°C. Cell number was evaluated at 12h and 36h from cell

seeding.  Specifically,  at  each  time  point  samples  were  washed  and  fixed  with  4% para-

formaldehyde for 20min, then washed with PBS and incubated with DAPI for nuclei staining.

Afterward  phase  contrast  images  and  DAPI-positive  cells  were  taken  by  Axiovert  200

inverted microscope (Carl Zeiss, Jena, Germany) (10X objective). In these images cell count

was performed by Images J.
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2.3.3 SCFS and adhesion measurements

SCFS measurements  were  carried  out  by  a  NanoWizard  AFM (JPK Instruments,  Berlin,

Germany)  mounted  on  top  of  an  Axiovert  200  inverted  microscope  (Carl  Zeiss,  Jena,

Germany) with a CellHesion module that enables to extend the vertical range of the AFM

from 15   up to 100   thus enabling to complete cell detachment from substrate. All

experiments were performed at 37°C using a temperature-controlled BioCell chamber (JPK

Instruments, Berlin, Germany).  MEF cultured on gelatin (Sigma-Aldrich) coated petri-dish,

were detached from petri dishes by incubating cells for 10 minute with Tryple (Invitrogen

Carlsbad, CA), re-suspended in medium and then inserted into the BioCell about 20 min after

removal from petri dish. 

Adhesion measurements  were  performed using  tipless  V-shaped silicon nitride  cantilevers

having  nominal  spring  constants  of  0.32  N/m  or  0.08  N/m  (NanoWorld,  Innovative

Technologies).  O2  plasma  treated  cantilevers  were  functionalized  with  concanavalin-A

(Sigma-Aldrich, St. Louis, MO) (incubation 10 μM for 15h at 4°C) and stored in PBS. Before

each experiment  the cantilever  spring constant  was calibrated  by using  the thermal  noise

method [3]. In order to allow MEF cell binding to the cantilever the NWs support were grown

only on half  of the glasscover slip while the  resting half  was coated with bovine serum

albumin (BSA), for which MEF cells have low affinity. Once the cells are inserted into the

chamber the concanavalin-A functionalized cantilever is pressed on a single a cell against the

BSA layer for 30 sec with a contact force of 0.7-1nN to allow the stable immobilization of the

cell. Then cell was lifted from the surface and allowed establishing a firm adhesion to the

cantilever  for about  15 min.  Afterwards  the cantilever  was moved toward the NWs area.

Adhesion measurements were performed at a contact force of 0.5 nN for different contact

times (10, 20, 40, 80 and 160 sec)  in culture medium. After each force measurement, the cell

was retracted to recover for a period of time slightly higher than the contact time with the

surface  before adhering to  a  different  spot  on the surface.  Optical  microscope enables  to

monitor the cell status during the measurements, which were interrupted  as soon as changes

in cell morphology are observed. During contact, the piezo height was kept constant using the

AFM closed loop feedback mode. The cantilever was withdrawn at constant speed of 5μm/sec

over pulling ranges of 100μm to ensure complete detachment of the cell from substrate. 30

force distance curves for each contact time were acquired for SCFS analysis. 
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Measurements as function of loading rate were carried at contact force of 0.5nN and 40sec

contact time. 

2.3.4 Results: cells proliferation

We examined the ability of MEF cells  to spread, grow and migrate on Si and ZnSe NWs.

Cells die shortly after seeding on ZnSe NWs. Moreover, cells die either on flat ZnSe or on

ZnSe NWs. This leads us to affirm that ZnSe is a

cytotoxic  material  and  is  not  suitable  for  living

cell analysis. They instead proliferate on Si NWs.

After 12h culturing, MEF grown on both kind of

Si-NWs and gelatin are observed by SEM (see fig.

2.16).  The  morphology  of  MEF  on  gelatin  is

completely  different  from  that  on  Si-NWs:  on

these  last  ones  they  mainly  present  a  tapered

elongated  morphology  (fig.  2.16b  and  c)  as

compared to  the flat  large cell  shape commonly

observed  on  gelatin  (fig.  2.16a).  Nuclei  do  not

show remarkable changes in their shape and size

as compared to that usually observed on gelatin. 

We evaluated  also  the  ability  of  MEF  cells  to

grow  and  proliferate  on  Si  nanostructures  on  a

long time scale. The number of cell is evaluated

after 12 and 36h culture time. After 12h of culture,

the  cells  adhere  and  proliferate  on  Si-NWs

similarly to gelatin, while at 36h the proliferation

decreases  on  short  Si-NWs  and  even  more

significantly on long Si-NWs (see fig. 2.17).
Figure 2.16:  a) SEM images of MEF cells
grown on gelatin, b) on short wires and c)
on long wires.
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By performing SEM imaging with

a  tilted  angle,  it  is  observed that

cells grow suspended on both long

and short Si-NWs array (fig. 2.18a

and  b),  thus  suggesting  that  Si-

NWs  do  not  enter  into  the  cell

body.  However  in  some  cases

single  NWs  piercing  the  thin

cellular  lateral  extension  are

observed (fig.  2.18f). A closer look shows that MEFs present a large number of thin filopodia

that connect the cell body to the NWs (fig.  2.18e and f). Generally filopodia are known to

mediate  the  early  steps  of  adhesion  because  their  role  is  mainly  related  to  explore

Figure  2.17:  Cells  proliferation  counts  for  the  evaluated
substrates: gel coated glass, long and short Si NWs.

Figure 2.18: SEM images of MEF cells on Si NWs: a) long NWs, b) short NWs; c-
f) magnifications showing filopodia connecting the cell body to NWs.
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environmental features, while they quickly disappear in favor of lamellipodia on flat surface.

More recently it  is also demonstrated that fibroblasts spreading on microstructured matrix

protein arrays primarily use filopodia to reach new adhesive surfaces. Then at the contact of

adhesive surfaces, these structures are stabilized and subsequently nucleate lamellipodia-like

extensions that lead to full cell spreading. In our case after 12h culturing numerous filopodia

are still present with a very little progression toward lamillipodia-like structures. Although

lamellipodia and filopodia are intimately connected in cell protrusion, filopodia alone cannot

drive cell motility, indeed they have been observed to be integrated into the lamellipodium as

the cell edge advances25. 

Since  focal  adhesion  sites  that

occur  in  the  initial  stage  of  the

adhesion  and  spreading  process

are  connected  to  cytoskeleton

organization,  we  examined  the

organization  of  actin  filaments

after  12h culturing.  As  shown in

fig.  2.19a,  MEF  cells  do  not

present  well-organized  stress

fibres  typically  observed  on  flat

surface (see fig. 2.19b).

In  general  the  modifications  of

organization  of  cytoplasmatic

structures  have  been  previously

observed  in  response  to

geometries of the culture support.

However,  the  absence  of  well-

organized  stress  fibres  has  been

observed  to  be  guided  also  by

interaction forces generated in 2D

plane.  Organization  of  focal

adhesion  points  and  stress  fibres

are observed to vary considerably

according to the value of surface molecular forces26, indeed focal adhesion formation requires

Figure  2.19: Fluorescence images of MEF cells on Si NWs
(a)  and  flat  glass  substrates  (b):  actin,  fibronectin  and
nucleus signals are shown separately and combined.
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molecular  tension  (56  pN)  larger  than  that  required  for  initial  cell  adhesion.  Moreover

production of fibronectin on NWs was different from that  on flat surface.

Hence we can state that the force in-plane generated by Si-NWs on MEF does not allow them

to move toward a stable formation of focal adhesion sites and to lamellipodia leading to a

considerable reduction of cell mobility and cell proliferation but no citotoxicity was observed.

2.3.5 Results: adhesion force

The adhesion force of MEF cells on Si-NWs on short scale time and with pN resolution is

measured by SCFS. Here we assess the single cell adhesion behavior of MEF on bare Si-NWs

in comparison with gelatin coated glass-coverslip. Gelatin is collagen mixture commonly used

to culture MEF cells. In these measurements the cells are inserted into a bio-chamber and a

single MEF cell is picked up by a tipless AFM cantilever, whose end has been previously

functionalized with concanavalin A, resulting in firm attachment of the cell to the cantilever

(see fig. 2.20a). The cantilever-mounted cell is approached onto a support until a predefined

repulsive  contact  force  is  established.  This

contact  force (500 pN) is  held constant for a

predefined time interval to allow establishment

of  cell  adhesion.  Upon  retraction  of  the

cantilever,  the  force  as  a  function  of  the

distance is recorded until contact between the

cell  and  the  support  is  broken.  During  these

measurements the status of the cell attached to

the  cantilever  is  monitored  by  an  optical

microscope, and measurements are interrupted

as  soon  as  changes  in  cell  morphology  are

observed. In fact, during all the measurements

the cell does not show significant variations in

cell  morphology  and  the  life  of  the  cell  for

measure  on  Si-NWs  is  observed  to  be

comparable with that on gelatin coated glass-

coverslip. On the contrary similar measurements performed on both ZnSe-NWs and flat Zn-

Se reveal that after few contacts, the cell changes its typical shape forming globular structures

Figure  2.20:  a)  Flat  cantilever  with  a  cell
attached;  b-d)  representative  retraction force
traces of MEF on the different supports.
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with a resulting lost of adhesion (see fig.2.20). This result suggests that Si-NWs do not pierce

the MEF and do not induce cell dead during adhesion measurements. 

Representative retraction force traces of MEF on the different supports are shown in fig. 2.20

b-d. The main features of the force-distance retraction curve provide measure of adhesion

strength and information about cell  adhesion behavior:  the peak maximum negative value

(Fdetachment) is a measure of the maximum force exerted to completely detach the cell  from

substrate  (i.e.  adhesion  force);  a  train  of  saw-like  peaks  following  the  detachment  force

represent  receptors  that  remain  anchored  to  cytoskeleton  and  unbind  as  force  increases

(named jumps); finally long plateau where receptor loses its anchoring to the cytoskeleton and

is extracted at the apex of a membrane nanotube from the cell body (tether). In this case the

force on the cantilever remains constant during tether extraction. 

The result  of the analysis  for the detachment  force is  shown in fig.  2.20e.  The adhesion

strength of MEF on both type of Si-NWs is comparable to that observed on gelatin coated for

all the time intervals investigated, thus suggesting that MEF cells have a similar adhesion for

gelatin and Si-NWs. 

The force of membrane tethers is also evaluated by measuring the force steps of the long

plateau in the force-distance retraction curve as indicated in fig. 2.20b. The force distribution

of  these  membrane nanotubes  appears  to  be centered at  25-30 pN for  the three  different

supports and at all contact time investigated (see fig. 2.21a). However for short Si-NWs up to

80 sec contact time the number of tethers is too low to allow a meaningful statistical analysis,

while at 160 sec contact time the distribution is in the same range of the gelatin and long Si-

NWs. This value of extraction forces for membrane nanotubes appears to be in agreement

with the values observed for the integrin-collagen receptors (Tulla et al. 2008). Although the

number of membrane tethering increases with contact time for all the investigated supports, a

remarkable increment for long Si-NWs as compared to gelatin for longer contact time (80 and

160 sec) is observed (see fig. 2.21a). 
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Instead the length of such tethers does

not  display  significant  differences

between the supports investigated and

remains  mainly  centered  at  5μm,  as

shown in fig. 2.21 b. Indeed the length

of the tether  depend on the membrane

dynamics  rather  that  cell-substrate

interaction, thus we did not expect any

dependence on the substrate  physical

and  chemical  properties.  It  is

reasonable  to suppose that for higher

contact  time  MEF  cells  have  the

possibility to interact with many long

protruding  Si-NWs  and  that  this

interaction  mainly  involves  the

formation of membrane binding where

a  weak  receptor–cytoskeletal  linkage

occurs. 

Figure 2.21: a) Force measured as number of steps in the
force spectroscopy curves and b) length of the tetheres of
the measured MEF cells. 
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3  RAMAN SPECTROSCOPY

Raman scattering (RS) is the inelastic scattering of the light by any kind of quasi-particles:

phonons, lattice vibrations or rotovibrational states of organic molecules, but also magnetics

oscillations, or electronic excitations (electronic Raman scattering). However the application

of Raman spectroscopy regards in the large majority of case the first kind of interaction. 

It is a technique well suited for a large range of applications: it provides information on the

crystal structure of  inorganic  materials but it's also a well-established technique to study

complex organic molecules and a number of successful applications  in biosensing have been

proposed1: the main advantage in this latter case is the possibility to perform non-destructive,

label-free analysis.

The direct interaction of light with phonons is produced in the infrared and it is measured by

infrared reflectance (IrR) spectroscopy. In the visible range the light interaction with phonons,

the Raman effect, is mediated by a virtual electronic transition between the conduction and

valence  band  electronic  states.  Thus,  in  a  normal  Raman  process,  a  photon  produces  an

electron-hole pair or an exciton. In a second step, the electron or the hole emits or absorbs a

phonon,  and  finally  there  is  a  recombination  process  and  the  electronic  system  is  re-

established into its fundamental state. The probability of transition and thus the selection rules

can be calculated from Fermi golden rule:  the energy of the outgoing photon,  ,  must

coincide with the sum of the incoming photon energy,  , plus (absorption of a phonon) or

minus (emission of a phonon) the phonon energy, i.e.,   (see figure 3.1).
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In the case of phonon emission (absorption), the outgoing photon has a lower (higher) energy

than the incoming one and the process is labelled as Stokes (anti-Stokes) Raman scattering. At

low temperature, the population of optical phonons is very low and the signal corresponding

to anti-Stokes Raman scattering is very weak.

Special  consideration must  be given to the situation in which the excited electron energy

corresponds to an existing electronic level in the crystal or in the molecule we are analysing.

This  creates  an  enhancement  of  the  Raman  scattering  efficiency.  This  process  is  called

resonant Raman scattering (RRS): the Raman scattering intensity can increase several orders

of  magnitude  by  tuning  the  laser  energy  to  an  electronic  transition.  RRS however  gives

increased  fluorescence  intensity  and it's  not  well  suited  for  water  solutions  or  water-rich

samples.

Since not all the sample volume scatters light, instead of the typical cross section used to

describe  scattering  processes,  the  intensity  of  the  Raman signal  is  given in  terms  of  the

scattering efficiency (scattering cross section per unit volume). 

3.1.1 Raman selection rules

The  electron-radiation  interaction  Hamiltonian  contains,  through  the  vector  potential,  the

polarization of the incoming photon, , and the outgoing photon, . The Raman intensity is

proportional to2 

(Equation 3.1)

where  is the Raman tensor of the corresponding optical phonon and it can be

written as a 2x2 matrix. The observation of the phonon in a Raman experiment,

or Raman selection rules, depends on the mode symmetry and the polarization of

the light. 

From equation  3.1 it is straightforward to see how Raman scattering data can

provide useful informations about crystal and molecular structures of samples:

the  energy  spectrum  of  molecular  vibrations  can  serve  as  an  unambiguous

characteristic fingerprint for the chemical composition of a sample. Due to its

sensitivity  to  molecular  vibrations,  Raman  scattering  spectroscopy  is  a  very

important tool for the analysis of nanomaterials. Because the vibrations depend

on  the  particular  molecular  structure,  the  vibrational  spectrum  constitutes  a

characteristic fingerprint of a molecule. 
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Raman  spectroscopy  is  an  effective  technique  to  distinguish  between  different  crystal

structures due to its sensitiveness to phonon spectra.  

Figure 3.1: Raman scattering refers to the spectroscopic process in which a molecule absorbs a
photon with frequency ω and subsequently emits a photon at a different frequency , which is
offset with respect to  by a vibrational frequency  of the molecule, i.e.  .
Absorption and emission are mediated by a virtual state, i.e. a vacuum state that does not match
any molecular energy level. (a) If  , one speaks of Stokes Raman scattering, and (b) if

,  the  process  is  designated  as  anti-Stokes  Raman scattering.  (c)  Raman scattering
spectrum representing the vibrational frequencies of Rhodamine 6G. The spectrum is expressed
in  wavenumbers  ,  with   and   being  the
wavelengths of incident and scattered light, respectively.
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3.2 Raman investigation of the crystal structure change 

in annealed GaAs nanowires

Structures with dimensions smaller than a hundred nanometers

often show peculiar crystal structures: the surface to volume

ratio increases and some metastable crystals energetically not

favored in bulk materials can be found in nanomaterials3. For

instance  GaAs  which  usually  crystallize  with  Zinc-blend

strcture may assume a Wurzite structure when the lateral size is

in the nanometric range, as in nanowires and quantum dots4.

From  the  crystallographic  point  of  view,  zinc-blend  and

wurtzite structures differ only in the stacking periodicity of the

Ga-As bilayers along the (111) direction: ABCABCA… in the

ZB, ABABA… in the WZ. A representation of the two crystal

structures  can  be  found  in  fig.  3.2.  Raman  scattering  is  a

technique capable of effectively distinguish and analyze these

different crystal structures5 even in air and, with the assistance

of a microscope setup, perform single-wire measurements.

GaAs wurtzite phonon spectrum was calculated by Zardo  et

al.6. In  the  same work it  was  reported   a  spatially  resolved

study  of  GaAs  nanowires  (NWs)  by  means  of  Raman

scattering, with the analysis of wurtzite and zinc-blend spectra.

Raman  spectra  of  Au-catalyzed  GaAs  nanowires  show  four

dominant  peaks  (see  fig.  3.3).  From  left  to  right,  the  E2
H

phonon mode, found at 255 cm-1, fingerprint of the WZ crystal structure and dominant in Au

catalyzed GaAs NWs, the E1
H(TO) transverse optical phonon mode, found at 265 cm-1, present

also in bulk GaAs and typical of the ZB structure; the last two peaks are the surface optical

(SO) mode at 281cm-1 and A1(LO) longitudinal optical mode at 288 cm-1. 

Figure  3.2:  Zincblende  and
the wurtzite crystal structures.
The  three-dimensional
zincblende  and  wurtzite
structures  are  shown  in  (a)
and (b), respectively.8,9
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In the cited work Raman scattering was recorded

along the whole structures: maps of the nanowires

showed locally WZ-rich and ZB-rich regions (see

fig. 3.4). 

Since  the  peak  intensity  is  proportional  to  the

amount of atoms in a given crystal structure, it is

possible  to  study  the  ratio  of  E2
H to  E1

H(TO)

intensities  to  evaluate  the  relative  crystal

composition of the nanowire.

In  the  following  we  will  present  a  study  of  the

effect of  thermal annealing on the crystal structure

of  GaAs  nanowires  grown  by  a  gold  catalyzed

molecular beam epitaxy process.

Figure  3.3:  Raman  spectra  of  GaAs  nanowires.  Peak  positions  and  relative
intensities of WZ-rich nanowires.

Figure  3.4:  a)  Waterfall  plot  of
Raman  spectra  collected  along  the
nanowire, every 100 nm, covering a
distance of 1.7 , as schematically
depicted in b).6
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3.2.1 Experimental setup

Raman spectroscopy was performed In backscattering configuration; two different methods

were applied:  

1 Collective  measurements:  as-grown  samples  were  exposed  to  the  laser  beam  at  normal

incidence; since the nanowires grow perpendicular to the substrate surface, the sample was

illuminated in cross section. In this way the collected signal is the average of hundreds of

single nanowire Raman spectra  (see fig. 3.5b).

2 Single wire measurements: the wires were removed and deposited on a glass surface via

drop-casting method. The sample was placed on a XY piezo-scanner with sub-nanometer

precision. In this way individual nanowires where characterized.

A DPSS green laser of 532 nm was used as light source: the power output was limited to 2

mW in the collective setup and to 0.5 mW for the single wire measurements. 

The light polarization was controlled using a λ/4 plate and a linear polarizer; a rotating stage

allowed to change the angle between the nanowire axis and the polarization vector. Another

polarizer was used to select the polarization at the entrance of the spectrometer (fig. 3.5a).

A 40x objective was used for the collective measurements while a 100x oil immersion one for

the  single  wire  scans;  the  scattered  light  was  analyzed  with  an  ANDOR Shamrock  750

spectrometer.

Figure 3.5: (a). Schematics of the system, with sample and polarization configuration. (b) Collective
configuration: the laser beam is focused on the side of the nanowires as grown on the substrate, the
signal is collected in back-scattering configuration as in (a).
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3.3 Collective measurements

In fig. 3.3 we present a representative Raman spectra for a collective measurement of GaAs

nanowires on which ZB and WZ phase coexist. This spectrum was used to define the range of

energy of interest for the subsequent analysis . The spectra were fitted with a convolution of

four Voigt functions on a linear baseline7.

 In the particular case of the data in fig.  3.3 we see that the WZ relative peak (green Voigt

curve peaking at 255 cm-1) is more intense than the ZB relative (red Voigt curve peaking at

265  cm-1).  The  third  and  fourth  peaks  are  common  to  both  structures  and  thus  are  not

indicative of the crystal content. The intensity Iwz of the WZ peak  (E2H @ 255  cm-1) and the

intensity IZB of the ZB peak (E1H(TO) @ 265 cm-1) are used to calculate the WZ  fraction

 as 

(Equation 3.2)

Fig. 3.6 displays the effect of annealing at 600°C in arsenic-rich conditions for two different

annealing time. Higher annealing temperatures are hindered by GaAs evaporation. The data

are represented in a scatter plot: each data point represents a fraction measurement in different

Figure 3.6: Raman measurements in the collective setup: the WZ/(WZ+ZB) peak intensity ratio
is plotted at different annealing times. 
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positions on the sample. The average value and standard deviation are superimposed for each

annealing temperature: 

It is possible to recognize a clear dependence of the WZ fraction from the annealing time: the

fraction goes from 0.57 for as-grown wires to 0.26 after 100 hours of annealing.

The higher value, correspondent to the non annealed reference WZ-rich wires shows a non

negligible amount of ZB stacking; the little data dispersion show a pretty uniform starting

nanowire population. 

A huge data  dispersion is  present  at  36 hours.  This  variability  can be ascribed to  a  non-

uniform structural composition of the annealed wires over the entire sample surface. 

For annealing times of 100 hours, an average fraction value less than half the initial one is

found. Data dispersion is also lowered, with respect to the 36 hours measurements.

To further investigate this, single nanowires maps were performed.
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3.3.1 Single wire measurements

The wires removed from the substrate were placed on a micro-positioning system and a two-

dimensional  scan   of  the  system  was  performed  keeping  the  same  optical  focus  of  the

microscope. 

The wire was first scanned in a reflective setup: the intensity of the laser reflected from the

sample is mapped in the x-y plane and a reflectivity image is created (see fig.3.7 a). The

reflectivity map is then used to locate the nanowire and to position the laser spot precisely on

it. The Raman spectra are then recorded in sequence, following a grid positioning system (see

fig.3.7 b and c).

The  focused  laser  beam has  a  diameter  of  0.5  ,  which  is  more  than  three  times  the

nanowire diameter (see fig.  3.8a). Thus the data, recorded in a grid similar to fig.  3.7b, was

Figure 3.8: a) Optical image of a GaAs NW. b) Map of the WZ/ZB peak intensity ratio
along the nanowire in a).

Figure  3.7:  a)  Reflectivity  image  of  a  single  nanowire;  b)  mapping  grid  for  the  Raman
measurement sequence; c) example of sequence of recorded spectra. 
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integrated along the horizontal rows to analyse more significantly the wire composition. The

Raman signal shows composition variations along the nanowire length (fig.3.8b). Since the

Raman signal recorded is the average value from the area excited by the laser spot, it was

impossible  to  distinguish single ZB or  WZ  regions;  these structures   in fact  have much

shorter lengths as shown in TEM images (see fig. 3.9).

The single wire data shows a high variability and

very different composition from wire to wire. To

better  understand  these  data,  we  compared  the

single-wire measurements to  the collective data.

All  the  spectra  of  single  wires  with  the  same

annealing time were averaged (ten wires for each

annealing time); a fraction of 

was  measured  for  the  as-grown  wires,  while  a

value  of    for  the  36h-

annealed  wires.  The  value  of  the  non-annealed

wires  is  in  agreement  with  the  collective

measurements.  The  annealed  wires  show  no

significant  change  with  respect  to  the  as-grown

wires;  both  values  are  slightly  lower  than  the

results  of  the  collective  measurements  (see  fig.

3.6).  This  may  reflect  a  transformation  that

proceed from the bottom of the wires toward the tips. During the removal, only the upper

parts of these wires are transferred and measured.

  A likely possibility is that the wires modify their crystalline structure starting from the base;

during the removal from the sample,  they break where the crystal  structure changed. The

Raman signal recorded from the single wires measurements are then originated only from the

unchanged part of the nanowires.

More  experimental  data  is  needed  to  confirm  the  proposed  mechanism:  Raman  maps  of

single, unbroken wires at different annealing times can help to better understand the crystal

structure changes.

Concluding,  we  studied  the  metastability  of  the  Au-assisted  GaAs  nanowires  and  it  was

demonstrated  that  post  growth  annealing  processes  on  GaAs  nanowires  are  capable  of

Figure  3.9:  TEM  images  of  the  measured
GaAs NWs with visible stacking of WZ and
ZB sections.
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promoting solid-state  transition and crystal  lattice change from wurtzite  dominated lattice

towards zincblende. Raman spectroscopy measurements of the wurtzite to zincblende phonon

peak intensity  showed as  the quantity  of  wurtzite  over zincblende lattice diminishes as  a

function of the annealing time. 
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4  BEYOND THE CROSS-

SECTION LIMIT: SERS

Raman scattering is an extremely weak effect.  Typical Raman scattering cross sections 

are usually more than ten orders of magnitude smaller than those of a fluorescent process:

, depending on whether the scattering is

non-resonant or resonant. The field enhancement associated with surface plasmons has hence

been extensively explored for  increasing the  interaction  strength between a molecule and

optical  radiation.  The  most  prominent  example  is  surface-enhanced  Raman  scattering

(SERS).1

It  was first  reported in  1974 that  the Raman scattering cross-section can be considerably

increased  if  the  molecules  are  adsorbed on roughened metal  surfaces.  The study of  such

phenomenon was addressed extensively in the following years: typical enhancement factors

for  the  Raman  signal  observed  from  rough  metal  substrates  as  compared  to  bare  glass

substrates  are  on  the  order  of  - ,  and  using  resonance  enhancement  (excitation

frequency near an optical resonance) enhancement factors as high as  have been reported.

The  determination  of  these  enhancement  factors  was  based  on  ensemble  measurements.

However, later other independent single-molecule studies reported giant enhancement factors

up  to  :  the  interesting  outcome  of  these  single-molecule  studies  is  that  the  average

enhancement factor coincides with previous ensemble measurements, but while most of the

molecules remain unaffected by the metal surface only a few make up the detected signal.
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These molecules are assumed to be located in a favourable local environment (hot spots)

characterized by strongly enhanced electric fields.2

A complete  understanding  of  the  phenomenon  and  a  suitable  description  is  still  to  be

developed.  The  difficulty  of  formulating  a  complete  SERS  theory  is  partly  due  to  the

numerous manifestations of this effect, and a huge number of observations that, at first, seem

quite disparate. The most important observation, i.e., an enormous enhancement of the Raman

signal of a molecule when it is in the vicinity of a metal nano-structured surface, has been

attributed to the strongly augmented electric field at the metal surface generated by a surface

plasmon resonance. 

Other effects however have been reported to influence Raman signal intensity; the presence of

a strong electrical potential in electrochemical experiments and a dependence of the relative

intensities of spectral  lines from the excitation wavelength can point toward contributions

from  other  sources.  Charge-transfer  resonance  and  molecular  resonances  are  the  most

frequently cited.3

It is accepted that the largest contribution to the giant signal enhancement stems from the

enhanced electric fields at rough metal surfaces. The highest field enhancements are found at

junctions between metal particles or in cracks on surfaces. It is commonly assumed that the

Raman scattering enhancement scales with the fourth power of the electric field enhancement

factor. Let us consider a molecule located at  placed in the vicinity of metal nanostructures

(particles, tips, ...) that act as a local field enhancing device. The interaction of the incident

field   with the molecule gives rise to a dipole moment associated with Raman scattering

according to

(Equation 4.1)

where  is the frequency of the exciting radiation,  is the shift due to the interaction with

the  phonon  and   is  the  shifted  frequency  ( ).  The  polarizability   is

modulated at the vibrational frequency  of the molecule and gives rise to the frequency

mixing process. The molecule is interacting with the local field  , where   is the

local field in the absence of the metal nanostructures and  is the enhanced field originating

from the  interaction  with  the  nanostructures  (scattered  field).   depends  linearly  on the

excitation field   and hence it can be qualitatively represented as  , with  
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designating the field enhancement factor.  It can be found that the intensity of the scattered

field, calculated as  , scales as 

(Equation 4.2)

where   is  the  second field  enhancement  factor, describing  the interaction with  the

metal nanostructures. The Raman scattered intensity is linear with the excitation intensity ,

and . In the absence of any metal nanostructures, we obtain the scattered intensity by

setting . On the other hand, in the presence of the nanostructures we assume that

 and hence the overall Raman scattering enhancement becomes

(Equation 4.3)

Provided that  is smaller than the spectral response of the metal nano- structure, the

Raman scattering  enhancement  scales  roughly  with  the  fourth  power  of  the  electric  field

enhancement.2

There's also a second factor in the enhancement: the Raman cross-section   is modified,

due to a change in the environment of the molecule. This change to   is often

called the chemical or electronic contribution to the Raman enhancement. Thus

(Equation 4.4) 

Theoretical modelling suggests that the maximum enhancement due to the change in cross

section is of the order of 100.4
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4.1 Riding the enhancement: plasmonics of metal 

nanoparticles

Though not completely understood, the huge enhancement of signal in  SERS systems is

believed to arise largely from the highly enhanced fields in metal junctions of nanometrical

dimension or in rough metal surfaces due to localized surface plasmon resonances. These

highly confined fields are called hot spots: the understanding of these features is critical to the

tuning of the enhancements of Raman.

Such particles have a strong interaction with light in the visible range: a plasmon resonance

can arise, leading to field amplification both inside and in the near-field zone outside the

particle. This resonance is called the localized surface plasmon or short localized plasmon

resonance. 

A particular situation is the case of isolated metal structures of small dimensions, typically of

radius much smaller than the wavelength,  . 

Let us take a homogeneous, isotropic sphere of radius   located at the origin in a uniform,

static electric field  . The surrounding medium is isotropic and non-absorbing with

dielectric constant , and the field lines are parallel to the z-direction at sufficient distance

from the sphere. The dielectric response of the sphere is further described by the dielectric

function  (fig. 4.1).

Figure 4.1: Homogeneous sphere placed into an uniform electrostatic field,
in an isotropic medium.
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In the electrostatic approach, we are interested in a solution of the Laplace equation for the

potential, , from which we will be able to calculate the electric field . Due

to the azimuthal symmetry of the problem, the general solution is of the form

(Equation 4.5)

where  are the Legendre Polynomials of order l, and  the angle between the position

vector  at point P and the z-axis (fig. 4.1). Due to the requirement that the potentials remain

finite at the origin, the solution for the potentials  inside and  outside the sphere can

be written as

(Equation 4.6)

(Equation 4.7)

The coefficients  ,   and   can  now be  determined from the  boundary  conditions  at

 and at the sphere surface . The requirement that 

as   demands  that   for   and    for  .  The  remaining

coefficients  and  are defined by the boundary conditions at  . The equality of the

tangential components of the electric field and of the normal components of the displacement

field lead to  for . We obtain thus

(Equation 4.8)

(Equation 4.9)

Equation 4.9 can be interpreted as a superposition of the incoming field plus a dipole located

at the particle center: 

(Equation 4.10)

(Equation 4.11)
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We therefore  see  that  the  applied  field  induces  a  dipole  moment  inside  the  sphere  of

magnitude  proportional  to  .  If  we  introduce  the  polarizability  ,  defined  via

, we arrive at

(Equation 4.12)

From this last results it follows that the polarizability reaches it maximum when  

is  minimum;  in  the  case  of  small  or  slowly-varying   around  the  resonance,  this

simplifies to .

The associated mode in an oscillating field is called dipole surface plasmon. It derives from

eq. 4.12 that the resonance is dependent on the dielectric constant of the surrounding medium.

In the case of gold and silver, the most used metals in plasmonics,  is negative and it is

monotonously  decreasing  in  modulus  for  increasing  wavelength  in  the  visible  range;  an

increase of  corresponds to a red shift.

 Evaluating the electric field 

(Equation 4.13)

(Equation 4.14)

The resonance condition implies an enhancement in both internal and external fields. It is this

field-enhancement at the plasmon resonance the effect on which rely many of the prominent

applications of metal nanoparticles in optical devices and sensors.

For a small sphere with , its representation as an ideal dipole is valid in the quasi-static

regime, i.e. allowing for time-varying fields but neglecting spatial retardation effects over the

particle volume. Under plane-wave illumination with  , the fields induce an

oscillating dipole moment  , with  given by the electrostatic result of

eq.  4.12. The radiation of this dipole leads to scattering of the plane wave by the sphere,

which can be represented as radiation by a point dipole.

Scattering and absorption cross sections can be calculated and we obtain

(Equation 4.15)



 Beyond the cross-section limit: SERS       |    75

For small particles with , the efficiency of absorption, scaling with , dominates over

the scattering efficiency, which scales with .

4.1.1 Mie Theory

The  above  approximation  doesn't  hold  for  particles  with  diameters  comparable  to  the

incoming light wavelength; we must refer then to Mie theory, which is an exact solution of the

Maxwell equation for a  sphere of arbitrary material embedded in an homogeneous dielectric

medium in an external electromagnetic field. In the case of rod shapes instead Gans theory is

applicable.  An explanations of Mie and Gans theory is outside the purpose of this thesis and

we refer to other works for a complete discussion5. 

We  want  to  underline  that  the exact  solutions  confirm  the  validity  of  the  quasi-static

approximation: in fact,  for nanoparticles with radius below 10 nm, only absorption of the

dipole mode (n=1) contributes  to  the  total  extinction,  while  for  nanoparticles  with radius

between  10nm and  35nm the  multi-polar  scattering  starts  to  contribute  to  the  extinction

spectrum, but it is not predominant; the approximation is still valid. Only for nanoparticles

larger  than 35 nm, the absorption and scattering due to  the higher  multipoles  (n   2)  is

dominant: exact Mie solutions must be considered.6,7

It must be noted that the quasi-static approximation doesn't explain the diameter dependence

of  the  extinction  peak:  either  Mie  theory,  extensions  of  the  quasi-static  approximation

(interband transitions, retardation effects) or computational methods must be considered8.
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4.2 SERS substrates based on Nanowires 

Nanowires have been deeply studied and produced for their peculiar electrical and structural

characteristics;  in  recent  years,  a  few  studies

investigated  the  possibility  of  making  use  of  high

aspect  ratio  of  the  nanowire  to  create  localized

surface plasmon resonance and obtain SERS effects.

A  few  nanowire-based  SERS  system  have  been

studied so far and in the vast majority of them the

NWs were  employed only  for  the  extremely  large

aspect ratio and density offered; as it's crucial in all

SERS substrates, two conditions have to be met in

the design of these surfaces: 1) a hot-spot has to be

created, with two or more metallic nanostructures close one to each other, 2) the analyte has to

be put in the hot-spot. 

Nanowires  can  be  used  as  a  highly

nanostructurated  substrate9:  the  high  aspect  ratio

can enhance the formation of hot spots created by

the proximity of gold nanoparticles deposited from

a colloidal solution, as in fig. 4.2. 

Nanopillars  created  with  top-down  fabrication

were decorated by gold evaporation in a work by

M.S. Schmidt et al.10; as the analyte is deposited on

these  nanostructures  by  a  solvent  droplet

deposition,  the nanopillars lean one to the other,

creating  an  array  of  hot  spots  with  analyte

molecules  already in them ( see fig.  4.4).  These

two  examples  used  NWs or  nanopillars  as  high

aspect ratio substrate, exploiting the morphological

characteristics. Studies on nanowires in which the

same metal nanoparticle which is used as a catalyst

Figure 4.3: (a) Trench fabricated on SOI
wafer and (b) subsequent Si NWs growth
performed  in  MBE;  NWs  are  touching,
creating hot-spots.

Figure  4.2:  Silicon  nanowires  arrays
decorated with gold nanoparticles9
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(see Chapter 2) is also employed as active SERS substrate are reported only in a couple of

papers:  S.H. Christiansen et  al.11 reported enhancements from gold hemispheres on top of

large silicon nanowires ( 100 – 400 nm of diameter). The SERS effects originates where

randomly oriented NWs are very close one to the other, thus creating hot-spots.

Based on a  similar  concept,  NWs were grown on a  SOI substrate  with a  small  gap:  the

nanoparticles deposited in this gap originate tilted NWs. These NWs grow closing one to the

other and in some cases the AU nanoparticles can touch (see fig. 4.3); the hot spots that results

are thus limited to a very well defined area, i.e. the groove12. The efficiency of this process

however seems limited to the casual occurrence of contact between the nanowires.

Figure 4.4: Silicon nanopillars decorated by Au film by evaporation10
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4.3 Plasmonic properties of gold-catalysed nanowires

The main reason for the limited success in using the the nanoparticles of NWs as SERS active

structures probably lies in the NW growth process itself. As seen in Chapter 2, during VLS

growth  the  nanoparticle  adsorbs  the  semiconductor  atoms.  As  the  the  growth  proceeds,

semiconductor atoms precipitate into solid phase under the particle. When the growth stops,

the  metal  particle  is  far  from consisting  of  pure  metal,  rather  very  close  to  the  eutectic

composition. In the case of Au this implies usually a reduction of free electrons and, therefore,

a reduced plasmon resonance. Adopting a suitable growth process, a suitable semiconductor

material  and  a  purification  protocol,  as  grown

nanowires carrying at their apex a single Au NP

with state of the art plasmonic properties can be

reproducibly obtained13.

Few  processes  have  been  already  proposed  to

reduce the amount of impurities. In the case of III-

As compound semiconductors, such as GaAs and

Indium-Arsenide  (InAs),  and  Au  metal  particle,

the  eutectic  formation  involves  the  III  family

element. A final growth stage in which only As is

supplied allows to deplete the III element from the

nanoparticle by forming few semiconductor layers

at the NW-NP interface14.

If  the  substrate  is  suitable  to  form  an  eutectic

mixture  during  the  annealing  of  the  Au  layer,

atoms  coming  from  the  substrate  may  also  be

found in the metal particle. This is the case for Au

catalysed ZnSe NWs grown on GaAs substrates at

450°C.  Due  to  the  thermally  activated

interdiffusion  during  the  particle-formation

process, Au-Ga instead of pure Au nanoparticles is

found at the NW tip. A representative transmission

Figure 4.5: HRTEM images and FFT of the
tips of as-grown (a) and purified (b) gold-
catalysed  ZnSe  NWs.  In  the  former  the
crystal  structure  of  the  nanoparticle  is
compatible  with  the  Au7Ga2 intermetallic
compound, whereas in the latter the NP is a
fcc  pure gold  nanocrystal.  (c)  and (d)  are
elaborations  in  false  colours  of  HRTEM
images  of  the  same  wires  represented  in
panels (a) and (b) respectively, highlighting
the crystal structure of the different regions.
The  green  area  corresponds  to  hexagonal
ZnSe and the blue one to  fcc  Au.  The red
regions  have  a  crystalline  phase  with  a
lattice  parameter  different  from  hexagonal
ZnSe  that  could  be  ascribed  to  a  GaxSey

compound released from the particle during
the purification with Se flux at the end of the
growth.  (e)  and (f)  are representative EDX
maps of as-grown (e) and purified (f) ZnSe
NWs. T
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electron microscopy (TEM) image of Au-Ga NP at the tip of ZnSe NW is shown in fig. 4.5a.

The fast fourier transform (FFT) of the nanoparticle (in the inset) shows the lattice structure,

compatible  with  Au7Ga2 intermetallic  compound.  The  presence  of  Ga  in  the  NP is  also

confirmed by the Au and Ga energy-dispersive X-ray (EDX) maps in fig.  4.5. These Au-Ga

alloy nanoparticles can be purified exposing the sample to Se flux alone at the end of the

growth for  a  few minutes:  Se atoms react  with Ga in the nanoparticle  and GaxSey solid

compound precipitates at the NP/NW interface, leaving behind purified Au nanoparticles15. A

representative example of purified NP is shown in fig. 4.5 b,d. The FFT of the NP evidences

the  fcc structure of Au, while the EDX maps in fig.  4.5 f show the formation of a Ga-rich

compound at the interface between the ZnSe NW and the gold NP.

X-ray photoemission spectroscopy (XPS) analysis allows to monitor the presence of Ga at the

surface of Au nanoparticles. XPS spectra in the 80-90 eV range of binding energy are shown

in fig.  4.6 a.  The spectrum of as-deposited Au film gives us a reference of metallic gold

emission, with Au 4f7/2 emission at 84.0 eV. The as-formed NPs show a shift at higher binding

energy, evidence of alloying with Ga.16 The same is observed after the growth of ZnSe NWs.

In this case, emission form Zn 3p in the 88-92 eV range is also evident. Au 4f7/2 core level

peak is back-shifted to a binding energy of 84.0 eV after the purification, confirming that the

purified Au NPs consist of pure metallic Au. In fig.4.6 b Au 4f7/2 binding energy is reported as

a function of NW length, both for as-grown and purified cases. We notice that with increasing

of NW length the mismatch in Au 4f core level position with respect to its position in pure Au

NPs decreases (see fig.  4.6). This suggests the occurrence of Au purification during ZnSe

growth due to progressive incorporation of Ga in the NW body.

Figure 4.6:  (a) XPS spectra (Au 4f core level range) of Au NPs on flat GaAs substrates and
gold-catalysed ZnSe NWs of various lengths. A pure Au 4f spectrum is added to each spectrum
as a dotted line for reference. (b) Au 4f core level position for as-grown and purified ZnSe NWs
displayed in (a) as a function of NW length.
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The  optical  response  of  nanowires  was  measured  by  standard  UV-VIS  absorbance

spectroscopy. NWs were removed from the growth substrates by sonication in isopropanol

and drop-casted on glass substrates. Absorbance spectra are displayed in fig. 4.7 a. 

In  general  we  observed  that  absorption  increases  with  the  length  of  wires.  The  large

absorption for wavelengths below 470 nm is caused by ZnSe absorption (energy gap is about

2.7 eV at room temperature). At wavelengths between 500 nm and 650 nm a broad peak is

observed in all the NWs with the exception of those in which the Au NP cap was previously

removed by selective argon etching. The spectral location of this peak and the absence of the

same on NWs without Au NPs are compatible with a plasmonic resonance localized on the Au

NPs. The plasmon resonance width, much larger than expected from monodispersed free Au

NPs5 may arise from two different origins:  i)  Au NPs formed by dewetting show a large

distribution in size, ranging from 10 to 60 nm (fig. 4.7b), which provide a large distribution of

spectral response since localized surface plasmon resonance depends strongly on Au NP size;

ii) in dry conditions wires are a disordered aggregate, with Au NP touching randomly ZnSe

wires,  and  the  effective  dielectric  permittivity  of  environment  surrounding  gold  NP is  a

random average of ZnSe and air ones (ε~7 and ε=1 respectively), broadening the plasmonic

resonance. Finally, the peak position in fig. 4.7a appear blue shifted and more intense both for

longer wires and for purified ones, and is consistent with the increased purity of the Au NP

caps, and thus of an higher electronic density.

To quantify  the  plasmonic  properties  of  Au-purified  ZnSe  nanowires,  we  used  as  grown

sample as SERS substrate. In a first experiment we evaporated pentacene on Au-catalysed

Figure 4.7: (a) Raw absorbance spectra of pristine, plasma etched gold-free and gold-purified ZnSe
NWs transferred onto the glass coverslips. The vertical lines correspond to the lasers lines used in the
Raman  experiments  described  in  the  following.  (b)  Size  distribution  of  gold  NPs  formed  by  the
annealing on flat GaAs substrates (a representative SEM image is shown in inset).
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ZnSe and GaAs NWs. Vapour deposition is chosen to avoid any effect due to the increased

surface area provided by NWs sample with respect to flat controls. Indeed, in evaporation, the

coverage,  i.e.  the  areal  density  of  the  deposited  molecules,  do  not  depend  on  surface

geometry, at least if substrate temperature is maintained low enough to minimize diffusion

effects.  In  our  experiments,  pentacene  is  deposited  keeping  the  substrates  at  room

temperature, while for a large majority of substrates, the surface diffusion start to play an

important role for the substrate temperatures above 50°C17. ZnSe and GaAs NWs of various

lengths were used as the substrates. The choice of 532 nm excitation wavelength for SERS

measurements is the most suitable for the plasmonic response of the gold NPs associated with

gold-catalysed NWs18 as shown in fig. 4.7a.

Fig.  4.8a shows the raw Raman spectra of 1.5 nm thick pentacene film on gold-catalysed

ZnSe NWs. Different NW length (400 nm; 800 nm; 950 nm 1200 nm and 1650 nm) and

purification  protocols  are  compared.  All  the  spectra  are  obtained  in  the  same measuring

conditions, acquiring the Raman signal during a continuous scan of 100 µm by 100 µm to

avoid laser  induced desorption of pentacene,  and averaging up to  10 spectra  acquired on

different  sample  locations.  Spectra  for  all  ZnSe  NWs  substrates  are  compared  with  the

spectrum acquired on a thick pentacene layer (20 nm) evaporated on a glass substrate. All the

principal peaks are observed. The spectra on ZnSe nanowires show two extra features: in the

low wavenumber  region  (around 267 cm-1)  we observe  several  peaks  arising  from GaAs

substrate19 and ZnSe nanowires20;  all  the spectra are superimposed to a broad and intense

background which we attributed to the photoluminescence (PL) from ZnSe. Thin pentacene

layers control samples are also displayed: (i) on flat GaAs decorated with Au NPs obtained by

Figure 4.8: Raw Raman spectra of 1.5 nm thick pentacene on ZnSe NWs (a) and GaAs NWs (b) of
various lengths and purity. The reference Raman spectra of 1.5 nm thick pentacene on controls are
shown as well. The inset in (b) shows zoomed region of pentacene Raman fingerprints including the
spectrum of 20 nm thick pentacene film on glass.
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thin film dewetting; (ii) on flat bulk ZnSe and (iii) on a thick polycrystalline gold film. All 1.5

nm thick pentacene control experiments provided little Raman signal (0.5 counts/s for the

mode at 1371 cm-1), while 20 nm thick layer on glass provided nice reference spectra. On the

contrary,  1.5  nm  thick  pentacene  on  ZnSe  NWs  displayed  a  large  Raman  signal  which

increases with NW length. On the base of these results, we can exclude Raman enhancement

due to pentacene interaction with GaAs and ZnSe. Moreover we observe that both as dewetted

Au NPs and bulk Au films have a negligible enhancement with respect with ZnSe NWs.

Fig.4.8b shows the Raman spectra of the 1.5 nm thick pentacene films deposited on gold-

catalysed GaAs NWs. As grown NWs with two different lengths (1 µm and 3 µm), and 3 µm

long purified NWs are used. The pentacene Raman intensity does not depend on the length of

as grown GaAs NWs and increases only after Au NP purification. As a control we report the

spectra obtained on similar GaAs NWs grown using Ga droplets as metal particle catalysts

and  exposed  to  As  at  the  end  of  the  growth  so  that  also  the  NW  tips  are  made  of

semiconducting material.  This demonstrates that the high aspect ratio geometry typical of

NWs is not the reason for the observed Raman enhancement.

The Raman peak at 267 cm-1 in fig. 4.8a,b is attributed to GaAs TO phonon mode while the

distinguishable peaks at 172 cm-1, 216 cm-1, and 290 cm-1 (2TA, LA, and LO GaAs phonon

modes, respectively) are the cause of broad bands centred approximately at 350 cm -1 and 500

cm-1 due  to  the  combination  of  listed  modes  or  their  overtones19.  The  pentacene  Raman

features are characterized by several Ag modes at 1156 cm-1, 1178 cm-1, 1371 cm-1, and 1533

cm-121. From data reported in fig. 4.8 it is clear that intensity of pentacene Ag mode at 1371

cm-1 increases with purification of Au NPs for both gold-catalysed ZnSe and GaAa NWs

and/or ZnSe wire length as shown in fig. 4.8a. 

The  Raman  enhancement  factors  (EF)  are  evaluated  considering  what  follows.  First,  we

observe that the pentacene Raman response on any flat control samples is constant, including

dewetted Au NPs on flat GaAs surface. This implies that the signal originates from the whole

illuminated area, and Au NP localized enhancement is negligible.  Second, when NWs are

present, only a small fraction of the pentacene layers is deposited on the NWs gold cap while

most of the evaporated pentacene is deposited on the substrate. Third, since NWs length is

larger than the experimental focal depth, by focusing at the NWs top, pentacene molecules

laying on the substrate do not contribute to the Raman signal. Fourth, the areal density at the

focal plane of NWs Au caps depends on NW material and length: in particular in the case of

ZnSe NWs the longer the growth the highest the probability of having defects that stop or
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deviated from vertical growth; in the case of GaAs, density is more constant with growth

length and in general comparable with ZnSe.. Finally, the equation for EF evaluation is:

(Equation 4.16)

where INW and Ifl are the pentacene Raman response on NWs and flat substrates, respectively;

FDC (focal  distance correction)  is  a correction that  takes into account  the different  focal

planes of NWs caps and substrates and can be reasonably set to zero for NW longer than 500

nm, while for; CNW is a fractional area on the sample contributing into the Raman signal.

Subtracting  the  PL  background  and  using  this

formula  an  enhancement  factor  ranging  from

1.6x102 for short ZnSe NWs wires up to 3.1x103

for  long  wires  is  obtained  (see  fig.  4.9).  With

purification  a  value  of  2.2x103  is  reached

regardless of their length. This confirms that the

dominant  parameter  controlling  the  plasmonic

properties of semiconductor NWs is the purity of

the gold composing the catalyst nanoparticle.

In the case of gold-catalysed GaAs NWs the Au

NP does  not  improve  its  purity  during  growth

since a constant flux of Ga atoms is present during growth. However, it is possible to stop the

Ga flux and keep on only the As-flux at the end of growth: few layers of GaAs grow using the

Ga atom present in the Au NP till a nearly complete purification of the latter. The pentacene

Raman response on 3 µm long purified gold-catalysed GaAs NWs demonstrated a 80-fold

enhancement.  The  reduced  enhancement  at  532 nm excitation  may  be  due  to  the  higher

dielectric permittivity of GaAs (ε~17) with respect to ZnSe (ε~7) which cause a damping and

a red-shifting a plasmon resonance in gold NPs5. On the other hand, non-purified Au NPs also

demonstrate a 30-fold Raman enhancement, which is about 1/3 from the data on purified Au

NPs. 

Figure 4.9: Raman enhancement factors for
1.5 nm thick pentacene on ZnSe NWs as a
function of NW length.  The point at ‘zero’
length  corresponds  to  the  gold  NPs
decorated flat  GaAs substrates  where NPs
are formed by dewetting.
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To evaluate  the  importance of  these  values,  we should  compare these data  with the data

reported for Silicon supported gold NPs of 22 nm and 40 nm size which are in the range of

4.0×102-1.9×103, what is in line with results obtained here. However we have still to consider

the broad size distribution of the NPs formed from dewetting and that not all the NPs resonate

at the laser wavelength used.  We assume that,  improving the control  on particle size and

distribution, single particle enhancement close to 105 which is the highest enhancement factor

theoretically  predicted  on  isolated  particle22 may  be  achieved.  Much  higher  SERS

enhancements, up to 108 can be obtained for clusters of NPs,23 where, however, the formation

of hot-spots between two or more particles play a major role, which is not the case for our

NWs samples. 

Raman spectra  of  1.5  nm thick  pentacene  layer  on  ZnSe NWs were  acquired  using  also

alternative wavelengths, namely 473 nm and 660 nm, located at two spectral minima in the

nanowire plasmonic absorbance as indicated by the vertical lines in fig. 4.7a. The pentacene

itself is characterised by a number of absorption bands in visible range (see fig. 4.10a).  The

processes of Raman scattering in pentacene at 532 nm and 660 nm excitation wavelengths are

close to resonant conditions and therefore the corresponding Raman spectra of 20 nm thick

film on glass as shown in fig. 4.10b are characterised by higher Raman response with respect

to less resonant 473 nm excitation. However, no Raman enhancement was observed for 1.5

nm thick pentacene  on ZnSe NWs neither  at  660 nm nor  473 nm excitation (fig.  4.10c)

confirming the  plasmonic  nature  of  pentacene  Raman enhancement  at  532 nm excitation

wavelength.

In the second experiment we deposited graphene oxide (GO) flakes on a ZnSe NW terminated

chip  from a  liquid  solution.  A top-view SEM image  of  NW sample  with  a  GO flake  is

Figure 4.10: (a) Normalised absorption spectrum of 20 nm thick pentacene film deposited onto the glass
substrate  and (b)  its  Raman spectra acquired at  three different  excitation wavelengths  displayed as
vertical colour lines in (a).  (c) Raman spectra of 1.5 nm thick pentacene layer on 1 µm long gold-
catalysed ZnSe NWs. The laser power on the sample surface in (b) and (c) was controlled and kept
constant.
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displayed in fig.  4.11a. Fig.  4.11b shows the reference sample used in this experiment, in

which GO flakes are deposited from water solution on a GaAs substrate covered by Au NPs,

formed by dewetting, following the same procedure used for the ZnSe NWs growth. Raman

spectra  on GO-NW sample  and on reference samples  were acquired using only  the laser

emitting at 532 nm. Representative spectra are displayed in fig. 4.11c.

As it was discussed in the case of pentacene deposition the Raman peaks in the range of 150-

500 cm-1 are attributed to GaAs Raman features. The broad peaks at 1350 cm-1 and 1600 cm-1

are Raman fingerprints of carbon-carbon vibrations, D- and G-bands of GO24. Subtracting the

PL background (fig. 4.11d) and taking into account equation 4.16, with FDC equal to 1 since

the GO lies on the same plane of wires caps, an enhancement factor of 5x102 is achieved. It

should be noticed that we used a linear polarised laser and relatively low numerical aperture

objective (NA=0.6) leading to almost in plain polarization at the focal spot. Therefore the

orientation of plasmonic field and thus the maxima of plasmon intensity on individual gold

NPs are located on the lateral  sides of the NPs, while  GO flakes  are in contact  with the

topmost  part  of  the  NPs.  On the  contrary, in  the  case  of  pentacene  some molecules  are

Figure 4.11: SEM images of graphene oxide flakes on 1 µm long gold-catalysed ZnSe NWs (a) and
gold  NPs  formed  by  annealing  on  flat  GaAs  (b).  The  scale  bars  in  (a)  and  (b)  are  1 µm.  The
corresponding Raman spectra of single-layer GO flakes (c), demonstrating the enhancement effect on
NWs with respect to the flat substrate (d). Raman spectrum of as-grown gold-catalysed ZnSe NWs/flat
GaAs is shown in red in (c).
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deposited  also  on  the  Au  NP sides,  where  the  plasmonic  field  is  higher.  Therefore,  the

different deposition geometry as shown in supplementary information S8 is a reason that the

enhancement on pentacene on 1 µm long gold-catalysed ZnSe NWs is a factor 2 larger than in

the case of GO.
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4.4 Plasmonic response of nanoparticle systems: Finite 

Element Analysis

MIE  theory,   the  quasi-static  approximation   and  other  solutions,  either  analytical  or

approximated, often cannot describe with good approximation complex  plasmonic systems:

a group of coated nanoparticles, non-spheroidal nanostructures or the nanowire structure.

It is convenient then to use computational methods which allow good approximation of the

desired system. One of the most widely used techniques is the Finite Element Method (FEM):

it allows the analysis of complex systems comprising many bodies, with high computational

efficiency;  the formulation of  the problem is  purely classical.  A physical  problem can be

analysed using FEM by dividing the simulated space into N smaller elements (see fig. 4.12);

each element is considered as an homogeneous space and it can be described by a system of

equation with a number M of coefficients. Boundary conditions are applied at each interface:

between  elements  of  the  same  material,  which  possess  the  same  characteristics,  only

continuity is applied. At interfaces or at the systems borders symmetry, isolation, absorption

and  other  conditions  can  be

imposed25.

The  ensemble  of  smaller  domains

which compose the system is called

mesh.  The  total  system  is  then

characterized by  N equations in  M

coefficients;  it  is  possible to solve

the problem diagonalizing the N ×

M matrix of the coefficients.

In the following we will study in the detail the   model of the plasmonic properties of catalytic

Au NPs involved in the growth of the NWs as previously  discussed; our aim is to better

understand  their behaviour varying their geometry  and chemical composition.

The simulated domains can be simplified following the system symmetry: in the case of a

wire, there exists a cylindrical symmetry and the total volume can be reduce to only a quarter

(see  fig.  4.12).  This  choice  allows  the  simulation  of  fewer  elements  and  thus  for  more

computational-efficient calculations.

Figure  4.12:  FEM  mesh  of  a  wire  in  a  homogeneous
medium,  represented  by  a  quarter  sphere:  (a)  complete
simulation,  comprising  an  outer  absorbing  layer,  the
surrounding  medium  and  the  NW; (b)  zoom  of  the  NW
region:  smaller  domains  are  created  in  the  finest
geometries to ensure sufficient resolution.
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4.4.1 FEM: Semiconductor NWs

The plasmonic response of a metallic nanoparticle in a homogeneous medium is well known:

the scattered field maxima are parallel  to the polarization axis of the incoming light (fig.

4.13c). The wavelength of the plasmonic resonance can be found using equation  4.12: the

value of  which satisfy  is dependent on  for the selected metal and on

the dielectric constant of the medium. The extinction spectra of Au NPs are reported in fig.

4.13a,b: the resonance peak is red shifted increasing the particle diameter (fig. 4.13a)  and the

medium  dielectric  function  (fig.  4.13b).  The  spectrum  of  larger  particles  becomes  also

broader. 

Figure 4.13: (a, b) The calculated extinction spectra of individual gold NPs in various media based on
Mie theory. The parameters of calculations, diameter of NP and dielectric permittivity, are shown in
the legend. (c) The distribution of electrical field for gold NP with diameter of 30 nm in air at the
excitation  wavelength  of  540 nm.  (d)  The  calculated  absorbance  and scattering  spectra  of  gold-
catalysed ZnSe NWs. The displayed spectra have been obtained as an average of two cases with a
polarisation shown in (e).  (f) The distribution of electrical field for gold-catalysed ZnSe NW with
diameter of 30 nm in air at the excitation wavelength of 540 nm. The orientation of light polarisation
in (c, f) is shown in the image.

The optical constants of gold are taken from Myroshnychenko et al.26 while ZnSe and GaAs

ones are from Dahmani et al.27 and Aspes et al.28, respectively. 

The first difference in the plasmonic behaviour between spherical NPs and Au catalyst on

NWs can be found in the different symmetry of the system: a NP has a spherical symmetry

while a NW has a cylindrical symmetry. This gives origin to a different behaviour depending
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on the incoming light polarisation: polarisation parallel to the nanowire axis creates a surface

plasmon with a single high field intensity spot at the top of the NW (fig. 4.14a, inset) while

for polarisation perpendicular to the NW axis we have two high field regions, at the sides of

the  NP (fig.  4.13f).  The  resonance  position  is  shifted  by  40nm,  going  from  580nm  for

perpendicular polarization to 620nm for parallel polarised light.

In case of gold-catalysed NWs with a diameter smaller than 50 nm the absorbance is still

dominating on the scattering (see fig.  4.13d),

while the shape of absorbance curve becomes

complex. The calculated extinction spectra of

ZnSe  was  confronted  with  the  experimental

data  of  the  gold-catalysed  ZnSe  NWs

transferred onto the glass coverslips (see fig.

4.7a).  Since  we  used  a  halogen  source,  the

light  was  unpolarised.  Therefore,  in  the

simulations  we  considered  both  a

perpendicular and a parallel polarization of the

light in respect to the NW axis (fig. 4.13e) and

the two spectra were averaged. The averaged

spectra for these two limit cases are displayed

in fig. 4.13d. The wire diameter has also to be

taken  into  consideration  when  comparing

experimental  results:  as  we  have  seen  (fig. Figure 4.15: a) Extinction spectra of GaAs NWs
and b) ZnSe nanowires with different diameters
for perpendicular incident light.

Figure 4.14: a) Extinction spectra af a ZnSe NW with incoming light polarisation parallel to the NW
axis;  in the inset,  graphical  representation of  the electric  field norm, maximum value 4 V/m.  b)
Extinction  spectra  of  single  NP  (red  data),  resonance  peak  at  510nm,  spectra  of  ZnSe  NW,
perpendicular incident light (blue data), resonance peak at 580nm, and extinction of the same NW
under parallel polarised light (black).
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4.7b), the NPs have a broad diameter distribution; as in the single NPs, the peak position

strongly depends from the diameter of the wire (see fig. 4.15a,b). Integrating the values for all

the diameters in the distribution of fig.  4.7b, a broadening effect similar to the measured

absorption can be obtained.

As we have seen in Chapter 2, the NP shape is determined by the surface tensions of the NW-

NP system. These tensions change depending on the composition of the two domains, and

different NP shapes can be obtained with different growth protocols, e.g. purification, NW

length, etc.

We will call R the NP radius and r

the distance between the NP center

and  the  first  semiconductor  layer

underneath  (see  fig.4.16).  The

extinction  spectra  show  that

increasing  the  ratio  r/R,  i.e.

reducing  the  deformation  of  the

spherical  particle,  the  peak  found

at  580nm  (for  a  17nm  diameter

NW) not only is shifting,  going from 580nm for r/R=0.5 to 560 for r/R=0.7, but also its

intensity is reducing and the intensity of the peak at 510nm, corresponding to the isolated NP,

is increasing (see fig. 4.17). 

Figure 4.17: Extinction spectra of ZnSe NWs with a diameter of 17nm as the ratio r/R is
changed.

Figure 4.16: Model parameters for the NP shape on a ZnSe
nanowire: R is the NP radius, while r is the distance between
the NP center and the bottom of the gold catalyst.
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Since the absolute value of the absorption peak is decreasing when the NP is  closer to a

spherical geometry, the interaction between the NP and the nanowire plays a relevant role in

the plasmon resonance. The Au NP contribution is dominating the absorption spectra, while

the contribution of the NW, although more abundant in volume, is negligible when they are

separated.

The NP-NW interaction is strongly dependent on the material. Fig. 4.18 shows the extinction

spectra of wires with the same diameter of 17nm and different composition.

ZnSe wires show plasmon resonances in the green-yellow region, while Silicon and GaAs

ones have peaks in the red region. In particular, for ZnSe wires with diameters between 10

and 30nm, we report maximum absorption between 575 and 590 nm; Si and GaAs wires show

resonances  ranging from 670 and 680 nm.  These  results  explain  the  less  efficient  SERS

enhancement by GaAs NWs previously reported and the better behaviour of the ZnSe NWs.

FEM simulations proved to be an efficient tool for the calculation of plasmonic properties of

NWs; the results obtained can help to further develop NW-based SERS devices; depending on

the desired excitation wavelength and mechanical characteristics of the device, NP diameter

and  the best material choice can be obtained from the presented models.

Figure 4.18: Extinction spectra from NWs of different composition, same diameter of 17nm.
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5  TIP ENHANCED RAMAN 

SPECTROSCOPY

Tip enhanced Raman spectroscopy (TERS) is a technique which combines the high spatial

resolution, versatility and ease of use of SPM with the great potential of SERS of studying

chemical and physical properties of sample. 

Simulations and subsequent experimental results confirm that, shining a laser on a sharp metal

tip close to a surface,  it is possible to generate an electric field confined to a volume with a

diameter  smaller  than  30  nm,  whose  intensity  is  enhanced  by  more  than  an  order  of

magnitude. If the metal nanostructure is scanned over the sample, a topography image of the

sample can also be derived from the sample-to-probe distance control.  Hence,  nanometer

spatially  resolved  topography  and  optical  images  of  a  sample  can  be  obtained

simultaneously.1,2 

The field enhancement mechanisms for TERS are usually treated either as (a) surface plasmon

enhancement and (b) as lightning rod effect. These may act together depending on the tips

used and excitation conditions. Surface plasmons can be generated at the metallic tip apex

when the wavelengths of the excitation laser and surface plasmons resonance coincide. This

gives  rise  to  an  enhanced  electric  field  just  like  in  SERS.  This  field  is  responsible  for

increasing the Raman signals of the sample close to the tip. The most common experimental



96  |   5 Tip enhanced Raman spectroscopy

application of this  concept involves the use of AFM tips coated with a noble metal film,

generally Ag or Au. 

In the lightning rod effect, a sharp metal tip is illuminated with light polarized parallel to the

tip axis, which causes an increase in the local surface charge density at its apex (Fig. 3). As a

result, the EM field at the tip apex is both enhanced and confined. Both the polarization of the

incident field and the presence of geometrical singularities at the tip that can increase the local

charge density, are critical for the operation of the lightning rod effect. 

TERS  is  similar  to  SERS  in  that  the  material  and  geometry  of  the  tip,  as  well  as  the

wavelength of the illuminating laser, are important factors in determining the strength of the

enhancing EM field. The optical alignment in TERS experiments is also essential, i.e., it is

necessary to illuminate the tip-sample interface and collect the scattered light properly and

efficiently.1 

Another  possible  phenomenon  contributing  to  the  enhancement  of  Raman  scattering  is

chemical  enhancement  (CE);  this  happens

when  the  tip  is  in  direct  contact  with  the

sample,  through charge transfer:  molecules

which  have  Raman  scattering  outside  the

visible  range  can  interact  with  the  metal

with chemisorption and the Fermi level of

the  surface  falls  between  the  lowest

unoccupied electronic levels and the highest

occupied levels. Charge transfer is possible

in this case.  Chemisorption thus serves as a channel to give more intermediate states for

Raman scattering using visible light. Chemical enhancement can then be understood as a form

of resonance Raman scattering, and in fact contribute to the overall enhancement factors by

approximately . 

Figure 5.1: Ag Coated AFM tip
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5.1 Possible TERS configurations

There are a few different TERS configuration and tip fabrication strategies in literature: some

of the most commonly used and most efficient methods are listed in the following. 

 Coated AFM tips: one of the most used and simply

obtained TERS tips. A silicon or nitride tip is coated

with a metal film, either silver or gold. Silver has the

highest efficiency: due to the position of its plasmon

resonance  and the absence of interband transitions,

the  LPSR  is  very  sharp  and  creates  resonance

conditions in many organic molecules3. However Ag

isn't very stable and contamination happens within

few days of exposure to air. Gold coated tips are also

used; their efficiency and enhancements are smaller

but they have increased stability and shelf times.

  

Noble metal STM tips: a simple metal wire is etched in

a wet  HCl solution,  creating a  very sharp tip  with  a

radius of few tens of nanometers. These tips are very

efficient  in  shear  force  or  STM systems,  since  these

systems already use metal tips of similar geometry.

Figure 5.3: Resonance scattering Raman
and TERS as  reported  in  16,  12  nm of
Brilliant  Cresyl  Blue  on  smooth  gold
film.

Figure 5.2: Figure 7: Metal probe obtained
by etching of a wire16
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Other  strategies:  adiabatic

compression  of  surface  plasmon

polaritons.  More  recently  specific

designs have been proposed to create

the  ideal  conditions  for  the  TERS

enhancement:  as  in  fig.  5.4,  tip

geometry  are  engineered  to  create

physical  phenomena  useful  for

enhancement.  In  the  cited  work,  a

lattice of holes in the AFM cantilever

create  a  photonic  crystal.  The  light

shone on the back of the device is used

to create a strong plasmon coupling in

the  silver  tip.  The  tapered  shape  is

then  used  to  compress  the  plasmon

and  further  enhance  the

electromagnetic field on the tip.4

A  similar  approach  was  used  in  a

shear-force  AFM  setup:  an

electrochemically  etched  Au  wire  is

etched  on  the  side  of  the  tip  with  a

focused  ion  beam  (FIB)  machine,

creating a plasmonic grating.5 A laser

beam is  focus  on this  grating   and it

excites a SPP. The tapering of the tip

creates an adiabatic compression of the

plasmon  (see  fig.  5.5),  creating  a

stronger enhancement. 

Another approach involves the tapering of an optical fiber core: W. Bao et al.6 etched the

silicon  dioxide  of  the  fiber  creating  a  campanile  shaped  tip.  The  tip  was  metallized  and

Figure  5.5:  a)  Electrochemically  etched  tip  with  a
photonic  grating:  the  light  is  coupled  to  plasmons
through the grating and the SPP is compressed at the
tip; b) SEM image of the tip with a superimpression of
the light emission.

Figure  5.4: Images of  the  adiabatic compression device
proposed by De  Angelis  et  al,3 with a zoom (b)  on  the
photonic crystal and (c) the silver coated tip.
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afterwards two side were cleared from the metal, leaving on the tip a nanometrical gap (39

nm) between two metal strips. This device efficiently couples the far field and the near-field:

the nanogap is  illuminated from the inside of the fiber and very few photons leak from it.

Since the signal is also collected from the fiber, there is a very low background signal. The

nanometrical resolution is insured by the generation of plasmon resonance only in the gap on

the tip of the campanile.

Such devices are very promising for their high enhancement factors and spatial resolution. In

addition, since the illumination is far from the tip, there is less background noise with respect

to direct tip illumination. However, a big drawback is the high cost and complex processes

needed for the fabrication.

Figure  5.6: Left: schematics of the "campanile" tip, a tapered fiber core with a two-sided
metallic coating; right: SEM image of a tip, with a width of 1.07 .
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5.1.1 Nanowire-based SPM and TERS tips

Recently efforts have been produced to fabricate NW-based SPM probes: the high aspect ratio

is appealing because it would overcome the limitation of SPM in imaging deep and narrow

features,  like  grooves.  This  is  added  to  the  possibility  to  exploit  at  the  same  time  the

enhancement capabilities seen above. 

In the work of  M. Becker et  al.7,8 a  single nanowire was welded on the tip  of an AFM

cantilever. Some NWs were first broken using an AFM tip; some of these NWs were stuck by

chance tip down on other unbroken NWs. The same tip used to break the nanowire is then

aligned  to the base of the broken NW in a SEM chamber equipped a nano-manipulator and

the wire is welded to the AFM tip with carbonaceous residuals (see fig. 5.7).

Martin Jenke et al.9 used a method involving focused ion beam (FIB) and focused electron

beam induced deposition (FEBID) to fabricate single NWs tips. The device obtained has a

single well oriented nanowire with a diameter of 80 nm, however the FIB processes leave

relevant amounts of carbon contaminants in the gold nanoparticle and the nanowire. Even if

this is not relevant for use in AFM, the carbon contamination heavily affects the plasmonic

response.

Figure 5.7: a) NWs breaking process with an AFM tip; b) silicon NW welded to AFM probe8.
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Another proposed process10 uses only UV

lithographic  processes  to  obtain  a  single

silicon NW on a cantilever (see fig.  5.8);

the  nanowire  can  be  further  thinned  by

oxidation  and  subsequent  etching  of  the

external oxide by hydrofluoric acid. It was

reported that tips of 244 nm allowed the

imaging of  trenches of 500 nm of width

and 2  of depth. Narrower wires of 84

nm of diameter  made it possible to map

trenches 300 nm wide.

This fabrication technique however cannot

assure the absence of contamination of the

gold  catalyst;  since  this  is  an  important

characteristic  for  the  plasmonic

characterization  of  the  nanoparticle,  it  is

desired  a  high  metal  purity.  A  stencil

approach  was  proposed  by  Daniel

Engstrom  et  al.11:  a  stencil  made  from

silicon  nitride  membranes  is  used  to

evaporate gold only on the tip of silicon cantilevers. This method assures that no photoresist

residuals or solvent contaminants are present during the growth process. 

The stencils have holes of 100 – 300 nm; gold is evaporated through the stencil mask and

nanowires are grown with a diameter roughly corresponding to the aperture sizes. 

TERS measurements were reported only in the case of silicon NWs welded to AFM tips; it

was reported a considerable enhancement of Raman signal, especially if the NW tip was used

in combination with a Silicon NWs substrate with an analyte deposited on top of the NWs.

This configuration produces hot spots whenever the tip is close to another nanoparticle on the

apex of a nanowire.

Figure  5.8: (a) NW tip as grown (scale bar:
10 ), in the inset (scale bar: 1 ) detail
of the nanowire tip as grown. (b) NW AFM tip
thinned  via  silicon  oxidation  (scale  bar:10

), aspect  ratio is 90:1.  Inset  right  (scale
bar: 1 ): detail of the wire after thinning.
Top inset  shows the full  cantilever. Inset  top
(scale bar: 100 ).10
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As seen from these results, silicon NWs

offer both flexibility of use, high aspect

ratio  with  the  possibility  of  imaging

trenches  or  deep,  narrow features  and

the  possibility  to  enhance  the  Raman

signal.  The  works  here  analysed  lack

however  the  combination  of  all  these

features. 

Indeed the experiments of  Becker et al.

are limited to the demonstration of the

Raman  enhancement,  but  no  imaging

was reported. Moreover, the fabrication

strategy is extremely cumbersome. All

the  other  examples  of  NWs decorated

cantilevers  were  not  used  in  TERS

configuration  thus  it  is  not  clear

whether the proposed fabrication strategy is compatible with field enhancement.

Figure 5.9: SEM images of silicon NWs grown by the
stencil method11.
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5.2 TERS NW device: a novel fabrication strategy 

We aimed at further explore the possibilities of NW-based SPM tips as cheap and efficient

self-assembled  TERS  tips.  The  results  of  plasmonic  FEM  simulations  and  experimental

results on NW-based SERS substrates (see Chapter 4) confirmed the plasmonic enhancement

capabilities of pure noble-metal nanoparticles on top of NWs.

The main problem addressed by the previously presented works is limiting the growth of NW

on the apex of an AFM cantilever. All the reported results achieve spatial control of the NW

growth by a spatially defined deposition of Au catalyst, either by lithography or by stencil

evaporation.   In  addressing  the  problem  of  cheap  fabrication  of  NW  SPM  probes,  we

proposed a novel method: it  is possible to limit  the area of growth by using a uniformly

distributed catalyst but applying a temperature gradient on the sample.  A uniform deposited

catalyst will lead to a uniform growth of NW on all the substrate surface, but only where the

temperature is high enough the eutectic alloy formation is possible.

A  special  triangular  AFM  cantilever  is

designed (fig. 5.10): the cantilever has a V-

shaped design and is made by conductive

silicon. The two ends of the cantilever are

contacted and a voltage V0 is applied. The

current  flowing  in  the  beam  is  constant

along all the length and since the resistance

in the narrow region at the cantilever apex

is much higher, a much more intense Joule

heating  will  take  place  in  this  region

(Heating region in fig. 5.10). 

It is known that temperatures too high can also obstacle the growth of NW. Another suggested

design is shown in fig. 5.11a: a heating element is put at some distance from the cantilever tip.

The temperature in the heating element is much higher than the  NW growth temperature. No

NWs will then grow in the heating region. The temperature will decrease toward the tip of the

cantilever and a suitable temperature will be reached near the apex (see fig. 5.11b). 

The proposed designs were simulated by FEM; the simulated conditions reproduce a CVD

growth of NWs. The cantilevers were modelled in a low-vacuum chamber (1 mbar) under a

Figure 5.10: Schematics of a heated-tip cantilever:
a voltage V0 is applied at the two cantilever ends
and the current flowing through the beam heats up
the tip by Joule effect.
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flux of gaseous reactants of 30sccm from the top, a typical value in CVD processes. The flux

contributes to increasing the temperature gradient, as well as providing the species for the NW

growth. 

The results are shown in fig. 5.11. A temperature gradient

of 15°C/μm was found for the heated tip design, while

2°C/μm for the cooling cantilever.

The optimized designs were then fabricated using optical

lithography on silicon nitride membranes and Silicon On

Insulator  (SOI)  chips.  The  designed  devices  are

compatible with the commercially available AFM chips

(see fig. 5.12). For more details on the specific fabrication

methods mentioned in the following, see Appendix 1. 

Figure  5.12:  Typical   AFM  tip
chip (nanoScience probes).

Figure  5.11:  FEM simulations  of  the  proposed designs:  a)  cooling design and b)  temperature
profiles from the heating zone to the tip at different V0; c) heated tip design and d) temperature
profile along one of the cantilever beam.
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5.2.1 Fabrication of the proposed devices

The complete device is composed by the special designed cantilevers fabricated on SOI: SOI

wafers are formed by three superimposed layers; a 500μm silicon layer (called handle), an

insulating  silicon oxide layer  (box layer)  and a  thin  silicon top layer  (device layer).  The

fabrication of the chip involves a deep etching of the handle, until the box layer is exposed,

thus creating the chip, while keeping intact the device layer. Afterwards the top silicon is

etched creating the desired cantilever shape (see fig. 5.17). 

An  important  step  in  the  fabrication  of  deep-etched

silicon  devices  is  the  design  of  compensation

structures  used  in  alkaline  etching.12 Anisotropic

etching of silicon differently affects the various crystal

planes,  and  a  higher  etch  rate  is  achieved  on  100

planes, and slower for 111 planes13. However convex

angles expose different planes and these sharp features

are  often  compromised.  Geometric  compensation  of

convex  structures  have  been  reported  along  the

years14 with complex structures: all are based on the

creation  of  additional  features  on  the  corners  (see  fig.  5.14)  which  will  be  etched  in  a

predetermined way, resulting at the end of the process in a square corner. These solution,

while effective for shallow etching, are not well suited in deep etching, as  it is our case: the

Figure 5.13:  Schematic representation of convex corner undercutting when no compensation
pattern is used at the corner.17

Figure  5.14:  Three  compensations
structures resulting in the same effect.12
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compensation structure would be too big to be of effective use and such an approach is useful

only in special designs14

We propose  a  design  effectively  removing all  the  convex angles  from the  mask,  leaving

narrow  masking  beams  connecting  the  main  chip  bodies  (fig.  5.15c).  This  mask  allows

reliable fabrication of multiple rows of chips; the interconnection between the chips moreover

permit the subsequent lithography of the cantilevers on the device layer (see fig. 5.16). 

A  sputtered  Nickel

layer  was  used  as  a

mask: it was found that

exposing a thin Ni layer

to a plasma of CF4 and

O2  the  metal  was

resistant to the alkaline

etchant. The samples were exposed to the  plasma in a RIE setup, with a 28.5 sccm flux of

CF4 and 1.5sccm of O2; this process is responsible for the alteration of the Ni surface and the

creation of fluorine compounds: in fact, neither bare Ni layers or oxidized Ni exhibit KOH

resistance. This masking layer is more effective than the reported results for other metals and

oxides, such as titanium15: deep etching of the whole  500μm silicon handle was achieved.

Figure 5.17: SEM images of the fabricated silicon cantilevers on SOI chips.

Figure 5.16: Fabricated chips with the designed compensation structure:
device side (left) and handle side (right).

Figure 5.15: a) Triangular and b) square compensating structures; c) proposed structures with narrow
connecting beams.
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The fabrication can be summarized in the following steps:

1. Mask layer deposition: sputtering of a 100nm Ni layer, which is then exposed to  RIE

plasma in a flux of CF4:O2 with a ratio of 28.5:1.5;

2. UV lithography and Ni etching:  the handle side of the wafer is patterned with the

compensated etching mask (fig. 5.15) and the same pattern is transferred on the Ni by

wet etching;

3. KOH wet etching of handle:  the sample is etched in 30% weight KOH solution at

80°C; special care is taken at stopping the etching at the oxide layer of SOI;

4. Cantilever lithography: the device silicon layer is patterned, aligning the cantilever

structure  with  the  edges  of  the  chip  (see  fig.  5.17).  Silicon  shows  an  increased

transmission of light at higher wavelengths: a red light can be used to align a silicon

membrane as thin as the one used in this process (2μm).

5. Removal of the Ni masking layer,  by wet chemical etching.

6. Deposition of the gold catalyst: two different methods are available, deposition of a

1nm layer of Au using an e-beam

evaporator  or  using  a  colloidal

solution of gold nanoparticles. 

7. Si  NWs  growth:  the  chips  are

loaded in a CVD chamber and Si

NWs  growth  is  performed  in  a

silane-rich condition at a pressure

of 1mbar (SiH4 flux of 30sccm),

temperature T=500°C.

 

We report  the  successful  fabrication  of

cantilevers decorated with Si NWs, as in

fig.  5.18.  The  fabrication  of  oriented

wires on Si  <111>  cantilevers is  under

current development.
Figure 5.18: Si NWs grown from a dewetted Au film
catalyst on a fabricated cantilever as in fig. 5.17.
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Fabrication of very sparse wires on the cantilever was achieved (see fig. 5.19,left); however

the control of the growth conditions is very delicate and a small variation in pressure, flux and

temperature  can lead to  very  different  results  (fig.  5.19,right).  A reliable  protocol  for  the

growth of straight and oriented wires is still under development.

Figure 5.19: SEM images of Si NWs on the fabricated cantilevers: rare or single wires (left) can be
found on the cantilever end, but most frequently they are dense and disordered.
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CONCLUSIONS

This thesis work was focused on the investigation of semiconductor nanowires as effective

elements in the design of plasmonic and microscopy devices; in particular the interest was

focused in the study of the plasmonic behaviour of silicon and zinc-selenide nanowires and

their possible use as tips for Tip Enhanced Raman Spectroscopy.

Semiconductor NWs have been proved in many works to be very effective as scanning probe

microscopy tips due to their high aspect ratio. Their geometry allows the imaging of deep

trenches and small details with high resolution thanks to the small tip radius. Moreover, since

their geometry depends on controllable parameters, such as the catalyst nanoparticle diameter

and the growth conditions (temperature, pressure, reactants fluxes) it is possible to decide the

NW geometry and adapt it to the desired applications. The presence of a metal tip at the NW

apex  is  also  convenient  for  the  exploitation  of  the  plasmonic  resonance  to  enhance

spectroscopic signals like Raman. 

I developed fabrication processes of silicon nanowires using a CVD/PECVD reactor. Si NWs

were grown with gold catalysts obtained both from the dewetting of an evaporated film and

the deposition of nanoparticle from a colloidal solution. The citotoxicity of NWs substrates

was studied, in order to verify whether these structures are compatible with imaging on living

cells: Si NWs were proved compatible with living cells studies, while ZnSe appears to be

toxic, leading to cellular death in few seconds.
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The plasmon resonance of ZnSe and Si NWs was investigated: Raman signals of graphene

oxide and pentacene were measured on GaAs and ZnSe NWs. The best enhancement was

recorded  from  ZnSe  NWs,  with  enhancement  factors  up  to  3.1x103;  these  results  were

confirmed also by FEM simulation. These calculations pointed out that ZnSe NWs have a

plasmonic resonance for excitation wavelengths  around 550nm, while  Si and GaAs show

maximum absorbance around 670nm. The wire material plays a very important role in the

peak position, 

The fabrication of Tip-Enhanced Raman Spectroscopy devices based on NWs is currently

under development, using a novel strategy for the localization of NWs on the apex of an AFM

cantilever. Si  NWs were  fabricated  on  cantilevers,  while  localization  of  the  NWs on the

device has to be further developed.

ZnSe seems than to be the most promising candidates for the Raman enhancement signal due

to  their  superior  plasmonic  resonance.  However  they  have  been  proven  detrimental  for

biological imaging and specifically for measurements of living biological samples.

Si  NWs  on  the  contrary  are  inert  and  biologically  compatible,  as  demonstrated  by  the

proliferation studies performed. It  wasn't  possible however to measure relevant plasmonic

enhancement from Si NWs. Further studies need to address the possibility of modifying the Si

NWs to increase the Raman response: an increase of the dielectric function of the wire can

lead to better plasmonic response. 

An investigation of a possible purification of the Au NP on Si NWs should also be addressed.

These  two conditions  could  be  achieved  oxidizing  the  wires;  this  could  also  lead  to  the

depletion  of  silicon  atoms  in  the  gold  particle  and  thus  achieving  a  purification  of  the

plasmonic tip.

Apparently a unique solution for TERS and SERS with both high enhancement and biological

compatibility is not available or not yet found.
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APPENDIX A: FABRICATION TECHNIQUES

Microfabrication

The ensemble of techniques used to create microdevices comprehends a lot of techniques,

used both in semiconductor industry and research. We will present in the following only the

most relevant techniques used in the present work, as a brief introduction and a reference for

discussions on developed processes. 

A. UV PHOTOLITOGRAPHY

Photolitography is the major technique used to transfer a desired pattern onto a substrate or a

specific layer; it consists of four steps:

1. photoresist application

2. alignment of mask and substrate

3. exposure of resist to UV light

4. development of structures

Just like a photography, the photosensitive film applied to the substrate chemically reacts at

the UV exposure: in positive resist the light breaks some chemical bonds; in negative resist

instead UV light creates new bonds.

In the former case the polymer becomes soluble by a chemical reagent (called developer) in

the exposed areas, in the latter case it becomes soluble in the not exposed areas. These shapes

are then cut out dipping the sample in specific chemical solutions (developers) that etch the

less soluble areas much slower than the others, usually with a ratio of 1:100.

The simplest photolitographic process is the contact mode: the photoresist surface and the

glass mask are brought in contact. The resolution is given by the diffraction at the mask edges

and by the resolution of the mask itself. Others techniques are the proximity and projection

photolitography, where a small gap is kept between the mask and the sample; the projection

system allows to add reduction optics, allowing to produce larger masks and smaller details

on the resist.

To achieve a good patterning accuracy the main criterion is the resolution, or the ability to

create  two  separate  patterns.  Proximity  lithography  minimum resolvable  period   is

calculated from Fresnel diffraction and approximated by
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(Equation 1)

In this work it was only used contact photolitography; typical values used in the fabrication

processes developed can be found in table 2. Minimal resolution obtainable in these condition

can vary from 0.8 to 1.35 . 

Positive resists usually have a slightly positive slope, 85° to 89°, negative resists have similar

retrograde profile.  This is  a natural consequence of exposure light adsorption through the

mask and the resist layer.

UV radiation wavelength 436 nm, Hg g-line

g Mask – sample gap 0  (contact)

d Resist thickness 0.5 – 1.5 

n Resist refractive index 1.6

Table 2: Typical parameters used in contact photolitography. 

B. E-BEAM EVAPORATION

Metal film deposition requires that atoms of the desired metal detach from a source mass and

impinge on the sample; the dominant method is the physical vapour deposition: the general

idea of PVD is material ejection from a solid target material and transport in vacuum to the

substrate surface; the simplest method is to use a resistive heater near the metal source.

Disadvantages of resistively heated evaporation sources include possible contamination by

crucibles,  heaters,  and support  materials  and the  limitation  of  relatively  low input  power

levels. This makes it difficult to deposit pure films or evaporate high-melting-point materials

at appreciable rates.

Electron-beam heating eliminates these disadvantages and has, therefore, become the most

widely used vacuum evaporation technique for preparing highly pure films. In principle, this

type of source enables evaporation of virtually all materials at almost any rate. The target is

placed in either a water-cooled crucible or in the depression of a water-cooled copper hearth.
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The purity of the metal is ensured because only a small amount of charge melts or sublimes so

that the effective crucible is the solid skull material next to the cooled hearth. For this reason

there is no contamination of the evaporant by Cu or other materials composing the crucible.

In the most common configuration of the gun source, electrons are thermionically emitted

from heated filaments, which are shielded from direct line of sight of the evaporant charge

and substrate. Film contamination from the heated electron source is eliminated in this way.

The filament cathode potential is biased negatively with respect to a nearby grounded anode

by anywhere from 4 to  20 kV, and this  serves  to  accelerate  the electrons.  In  addition,  a

transverse  magnetic  field  is  applied,  which  serves  to  deflect  the  electron  beam in  a  270

circular arc and focus it on the hearth and evaporant charge at ground potential.

C. SPUTTERING

Sputtering  is  the  most  important  PVD method.  Argon ions  (Ar+)  from a  glow discharge

plasma hit the negatively biased target, slow down by collisions and eject one or more target

atoms backwards.  The ejected target  atoms will  be  transported to  the substrate  wafers  in

vacuum (Figure 1). Because sputtering pressures are quite high, 1 to 10 mTorr (three to five

orders of magnitude higher than evaporation pressures), sputtered atoms will experience many

collisions before reaching the substrate.  In a process called thermalization,the high-energy

sputtered particles (5eV corresponds to ca. 60,000 K) collide with argon gas (T = 300 K), and

cool down. Thermalization also occurs to other species present in the plasma, the reflected

neutrals (some argon ions are neutralized upon target collision). These neutrals provide energy

to the substrate. Thermalization reduces the energy of particles reaching the substrate and it

reduces the flux of particles to the substrate.1
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In contrast to evaporation, the energy flux to the substrate surface can be substantial. This has

both beneficial and detrimental effects: loosely bound atoms (film-forming atoms as well as

unwanted impurities) will be knocked out, improving adhesion and making the film denser.

But too high energies can cause damage to the film, the substrate and underlying structures

(thin oxide breakdown because of high voltages). There will always be some argon trapped in

the film but no effect is seen in the first approximation.

D. WET ETCHING

The removal of material  from a layer is a fundamental part  of the microfabrication,  as it

transfers the pattern from the photoresist layer (or another masking material) to the underlying

structural  layer through a chemical/physical  aggression of the material.  It  can be done in

acid/basic solutions (wet etching) or by ion and chemical processes with the aid of plasma

(plasma etching). Main characteristics of wet etching are:

• high etch rate;

• possibility to etch metals and insulators;

• high etch selectivity between heterogeneous materials, such as metals/semiconductors,

oxide/semiconductors.

Figure 1: Schematic sputtering systems: (a) DC and (b) RF.3
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In table 3 some materials and specific etchants are listed.2

Wet

etching can be divided in 

isotropic etching: the front proceeds as a spherical wave from all points open to the etchant

and the obtained cut in the material will be broadened, resulting in undercut of almost the

same size of the structure heigh (see fig. 2); fine structures will be difficultly obtained;

anisotropic etching: these solutions, are spatially directional. Potassium hydroxide, KOH,

and tetramethyl ammonium hydroxide, TMAH, are the common anisotropic wet etchants for

silicon. In KOH etching, the rates of different crystal planes can differ by a factor of 200.

Silicon (100) crystal  planes are fast  etching,  whereas (111) planes are  slow etching.  This

results in structures bound by the (111) planes (see fig. 3). 

Figure  2: Effect  of  isotropic etching at  different  times; the dotted area is  an undercut  with
respect to the gray mask.
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However, some difficulties arise in wet etching:

1. The etching reaction is affected by its products; KOH etching of silicon

develops  hydrogen,  which  prevents  further  etching  not  allowing  the

etchant to reach the surface. It is necessary to remove these products,for

example stirring the solution.

2. Etching reaction is sensitive to stirring/convective mass and heat transfer.

3. Etching reaction is exothermic and temperature rises during etching (for

these  reactions,  stirring  decreases  the  etch  rate  because  it  decreases

temperature).

4. Evaporation leads to concentration changes during etching.

Table  3: Some of the most commonly

used etchant solutions.



 Appendix A: Fabrication techniques       |    121

5. It's  mostly  impossible  to  obtain  vertical  walls:  anisotropic  etching with

vertical walls is obtainable only in particular geometries in Silicon <110>

and Silicon <111>.

E. PLASMA ETCHING: RIE AND ICP-RIE

Vertical or quasi vertical wall shapes can be obtained through plasma etching: in a vacuum

chamber like the one in fig.  3.5, reactive gases are introduced and subjected to RF-fields

(13.56 MHz); the species are ionized or excited: both these conditions are important in the

etching process,  since  the  ionized  part  will  be  accelerated  by the  RF field,  originating  a

directional ion bombardment, while the excited molecules are highly reactive.

The combination of both the conditions provide a physical-chemical reaction on the surface,

only along one direction: the etching is almost perpendicular to the exposed surface.

In  the  plasma  etching,  the  possible  products  of  discharge  in  the  gas  are  (*  stands  for

excitation):

Figure 3: Anisotropic wet-etched profiles in <100> wafer.
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A key feature in RIE etching is products volatility: it's important that they are removed from

the surface to let more reactions happen at the clean surface. Silicon, for example, is well

etched by ,  and compounds of Cl, since both fluorides ( ) and chlorides ( )

are volatile at room temperature, at millitorr pressures.

The etch take place if the chemical bonds of the surface are broken: the bond energy of the

products need to be higher than the reactants. For example  for   the bond energy of a

single  oxygen  atom  to  Silicon  is   kJ/mol,  smaller  than   kJ/mol;

fluorine is then a good etchant, since the Si-O bonds will be replaced by Si-F bonds.

Bombardment supplies energy to horizontal surfaces. These surfaces experience ion-induced

desorption,  ion-induced  damage  and  ion-activated  chemical  reactions.  Sometimes  etchant

gases (together with resist erosion products) form films on the side-walls, and these films

prevent etching laterally. Side-walls do not experience ion bombardment, and, therefore, film

formation  and  etching  reactions  are  different  from horizontal  surfaces  (see  fig.  4).  Low-

pressure operation usually favours anisotropy because bombardment is more directional, but it

requires reduced flow rate, in which case the rate is lower.

To further increase directionality and control of the processes, a magnetic field can be added

to the plasma system: Inductive Coupled RIE (ICP-RIE) makes use of one or more coilings

around the chamber to be able to further tune the plasma direction, density and etch rates.

Figure 4: left: RIE plasma etching system; gases are introduced through the top electrode;
right: sidewall passivation
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F.CHEMICAL VAPOUR DEPOSITION

In a  chemical  vapour deposition two or more gases  react  together  to  form a non-volatile

compound  which  deposits  on  the  sample  surface.  The process  can  be  aided  with  a  high

temperature or a plasma to increase directionality and adhesion to the substrate. The main

reaction for the growth of silicon is the pyrolisis:

   (@ 650°C)

In the growing process of CVD, many factors contribute to the film deposition; the transport

of the reactants on the surface can be directional  or diffusive: in the latter is more difficult to

model  the  arrival  of  the  gas  species  on  the  reaction  surface.  In  first  approximation  the

reactions are independent of the substrate material, but the surface is important with regard to

the  sticking  coefficient  (i.e.  the  probability  for  the  impinging  molecule  to  remain  in  the

collision  position),  the  crystallographic  pattern  of  the  grown  material  and  the  film

contamination.

The deposited film is also thermally modified: even if there is no thermal treatment after the

deposition, the set temperature during the process will affect the grain size, the resistivity and

the stress of the film.

Process temperatures are often severely limited: most often plasma activation is employed.

Instead of thermal decomposition of the source gases, a glow discharge is utilized. The use of

RF is due to the fact that most of the films deposited by this method are dielectrics, and DC

discharges are not feasible. This energetic discharge environment is sufficient to decompose

gas  molecules  into  a  variety  of  component  species,  such  as  electrons,  ions,  atoms,  and

molecules in ground and excited states, free radicals, etc. The net effect of the interactions

among these reactive molecular fragments is to cause chemical reactions to occur at much

lower temperatures than in conventional CVD reactors without benefit of plasmas. Therefore,

previously  infeasible  high-temperature  reactions  can  be  made  to  occur  on  temperature-

sensitive substrates.
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The method is known as PECVD, for plasma-enhanced CVD, and sometimes as PACVD, for

plasma-assisted  CVD.  Much  lower  temperatures  can  be  used:  plasma  activation  ensures

enough reactive species even at low temperatures, typically at ca. 300°C, but even down to

100 ◦C (but temperature strongly affects film quality). Whereas typical activation energies for

thermal CVD processes are 2 eV (200 kJ/mol), PECVD activation energies are a fraction of

that, for example, 0.3 eV for amorphous silicon deposition. PECVD deposition rate is only

mildly temperature dependent.

The tube or tunnel reactors employed can be coupled inductively with a coil or capacitively

with  electrode  plates.  In  both  cases,  a  symmetric  potential  develops  on  the  walls  of  the

reactor. High wall  potentials  are  avoided to  minimize  sputtering  of  wall  atoms and their

incorporation  into  growing  films.  The  reactant  gases  first  flow  through  the  axis  of  the

chamber and then radially outward across rotating substrates that rest on one plate of an RF-

coupled capacitor. This diode configuration enables a reasonably uniform and controllable

film deposition to occur.
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