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Abstract
This thesis presents the results of a study on the fabrication and utilisation of SERS
(Surface Enhanced Raman Spectroscopy) substrates based on porous silicon (PSi)
decorated with two nanostructured noble metals. Two novel hybrid structures (Au / PSi
and Ag / PSi) were successfully developed to provide highly sensitive and reliable
substrates for SERS measurements. To gain a good understanding of the new materials,
microstructural and chemical properties of the substrates (PSi) were characterised by
using electron (scanning and transmission) microscopy and Raman spectroscopy.

The thesis comprises three parts and each part consists of two chapters. Part I reviews
the available literature on the PSi fabrication methods, properties, characterisation
techniques and its applications and also highlights existing gaps needing further
exploration. Characterisation of PSi by electron microscopy techniques and Raman
spectroscopy are the areas of most focus. It also describes all the fabrication and
characterisation techniques used in this study. Part II focuses on the fabrication and
characterisation of PSi by the mentioned techniques, while Part III presents the results
of the SERS measurements performed on PSi layers decorated with noble metal
nanoparticles and their fabrication process.

The first chapter presents a brief introduction to silicon micro- and optoelectronics,
the emphasis on the universal need for the silicon nanostructures with altered optical
properties for the contemporary optoelectronic circuits and large area integration
technology. This includes demonstration of the role of silicon nanostructures and in
particular, PSi properties, fabrication methods and applications. This chapter also
provides a brief introduction to Raman spectroscopy as a tool for the characterisation
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of silicon nanostructures. Also, the state of the art of the use of PSi as SERS substrate is
reviewed.

Chapter 2 details the techniques and methods used in this study for the preparation
and characterisation of the samples. This chapter is sectioned in two parts with the first
part dealing with the PSi fabrication techniques and instrumentation, while the second
part focuses on the characterisation and preparation techniques used in the length of
this study. This includes a brief introduction to the basic science and instrumentation
of each technique including PSi fabrication, electron microscopy techniques, Raman
spectroscopy, surface enhanced Raman spectroscopy (SERS), focused ion beam (FIB),
as well as the selected experimental conditions.
The results of the detailed characterisation of meso-PSi using electron microscopy (EM)
techniques and Raman spectroscopy are presented in part II of this thesis comprising two
chapters. In Chapter 3, the detailed microstructure and surface chemistry of meso-PSi are
presented. Three distinct classes of pore morphology were identified as a function of
fabrication parameters for their ability to provide the right pore size and morphology for
desired applications. For the first time, the surface chemistry of the different classes were
identified and correlated with the pore morphology. Chapter 4 presents the results of a
detailed Raman spectroscopy study of meso-PSi, further supported with electron
microscopic images. This chapter also discusses the usage of the phonon confinement model
(PCM) to estimate the crystallite size of the silicon nanostructures. The study reveals that
Raman spectroscopy should be used very carefully to obtain reliable data on the
microstructure of the sample as the laser irradiation can modify the surface of the
nanostructures permanently. It is further shown that local heating of the samples with
Raman laser is predominantly responsible for the inconsistent data reported in the
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literature. The suitable condition for the use of phonon confinement model (PCM) for
the estimation of the crystallite size of PSi samples is also argued. It is shown that, to
avoid errors in the estimations, a great deal of care in selecting the Raman
measurement conditions is necessary.

The use of PSi layers as SERS substrate is further explored in Part III. First silver
(Chapter 5) and then gold (Chapter 6) were deposited on different PSi substrates
including meso, micro and macro-PSi. The depositions were achieved by using a simple
but novel wet chemical method based on galvanic displacement processes. The silver
particles crystallised with a dendritic shape and were characterised as single crystals.
All the substrates demonstrated an excellent Raman signal enhancement. However,
macro-PSi outperformed the other substrate types. The silver nano-dendrites were
further characterised by transmission and scanning electron microscopes (TEM and
SEM) to reveal their crystalline and structural properties. After successfully studying
their enhancement capability, they were used for the detection of three different
antibiotics in concentrations down to micromolar levels. The results of the antibiotic
sensing are presented in Chapter 5.

Deposition of gold on the surface of macro-PSi produced gold crystallites with very
sharp tips, which are described as gold nanothorns (Chapter 6). The gold nanothorns
were the result of reducing gold chloride with hydrofluoric acid on the surface of PSi.
Their characteristic shape was associated with excellent SERS properties, in particular
resulting in a strong signal enhancement in the Raman spectra of crystal violet (a
typical dye for SERS). The substrate’s enhancement factor was calculated with care and
demonstrated the ability to achieve single molecular detection for this substrate. The
gold nanothorns were further characterised by SEM, TEM, XRD and UV-Vis and their
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single crystallinity, characteristic sizes (i.e length, tip radius and angle) and optical
properties were revealed.
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1.1

Overview

Surface enhanced Raman spectroscopy (SERS) is a fast and accurate sensing technique
that uses a nanostructured metallic surface to enhance the weak Raman signal of a low
concentration chemical/biochemical substance. To employ this technique in device
fabrication, the availability of a perfect SERS substrate is critical. Using silicon based
substrates and in particular, PSi coated with nanostructured metal particles can be the
best way to achieve a functional SERS device. This chapter starts with a brief
introduction to silicon nanostructures and their importance in the contemporary
microelectronic technology and continues with the discussion of PSi as a desirable Si
nanostructure for SERS measurements. The use of Raman spectroscopy as an excellent
tool for the microstructural and chemical characterisation of PSi and other silicon
nanostructures is also reviewed. Furthermore, the principles of SERS and the use of PSi
as SERS substrate are reviewed. Moreover, the existing gaps in the literature are
highlighted in each section and the aims and objectives of this study are clearly defined.
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1.2

Silicon

Crystalline silicon has been the most used material in electronics for the last four
decades. It has been investigated more thoroughly than any other material and its
technological applications have been developed to a very high level. Modern day
microelectronics, which forms the basis of the modern information technology, is more
than 90% based on silicon-CMOS (Complementary Metal Oxide Semiconductor)
technology [1]. The properties of Si as an elemental semiconductor and its oxide enable
ultra-large-scale integration (ULSI) which is essential for micro and optoelectronic
developments. Fig 1.1 shows the silicon CMOS devices and the global forecast for
increasing silicon photonics market. The desire to combine optoelectronic devices with
silicon microelectronics has led to the search for Si-based materials and structures that
emit light with high quantum efficiency.

Figure 1.1. (a) Silicon CMOS devices and (b) global forecast for the silicon photonics
market [2].

Crystalline silicon has a relatively small (~ 1.1 eV) indirect band gap and does not emit
light efficiently. The radiative recombination of electrons excited into the conduction
band minimum leaving a hole created in the valence band maximum requires the
participation of a phonon to conserve momentum. Such electrons must remain in the
excited state for a long time in order to allow the necessary momentum transfer and
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most of them recombine non-radiatively at a surface or volume defect to produce heat
(k-selection). The band-to-band luminescence of bulk silicon occurs in the near
infrared region with an efficiency of about 0.0001% (i.e. one photon is produced for
every one million charge carrier recombination)

[3]. The lack of good optical

properties of silicon has been the most important challenge in the large-area
integration which is required for the new generation microelectronic chips to keep up
with the so-called Moore’s law (Moore predicted that the number of transistors in a
chip will double every two years (Fig 1.2) [4]).

Figure 1.2. The Moore law prediction for the CPU transistor counts against dates of
introduction. The line corresponds to exponential growth with transistor count
doubling every two years [5].
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Therefore to tackle this challenge, silicon has been partly replaced by compound
semiconductors such as gallium arsenide (GaAs). Although this replacement solved
some issues, it has also resulted in many more problems such as higher price, limited
integration with silicon technology and potential toxicity.
One general approach for overcoming the indirect nature of the optical transition in Si
is to relax the k-selection by exploiting the spatial confinement in low-dimensional Si
nanostructures [6]. This is one of the fastest growing areas of semiconductor research.
Three categories are usually considered: two dimensional (2D) quantum wells, onedimensional (1D) quantum wires and zero-dimensional (0D) quantum dots [7]. One
well-known effect within these structures, the so-called “quantum size” or “quantum
confinement” effect, is the band-gap widening caused by the charge carriers acquiring
a significant quantum energy due to the charge carrier localisation. This effect
commonly occurs in structures with dimensions less than ~30 nm and is more
pronounced where the electronic charge carriers are confined in more than one
dimension. Theoretical particle-in-a-box calculations using the effective-mass theory
predict a significant increase in the band gap in the 1− 5 nm region. It can be seen that
the entire visible spectral range (1.6 − 3.2 eV) is attainable [8].
The quantum confinement effect was first observed in 1990 by Canham [9], when a
bright orange photoluminescence (PL) was observed from a micro-porous silicon
(micro-PSi) layer. Impossibility became possible, resulting in luminescence from an
indirect band gap material. This triggered an intense attempt among researchers to
discover the origin of this PL and also to produce PSi layers with controllable
luminescence properties. Many methods and modifications have been employed to
increase the efficiency and tune the energy of the PL from PSi and other silicon
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nanostructures. Since then, photoluminescent silicon structures have been produced
in the entire visible range from near infrared (near-IR) to ultraviolet (UV) region under
carefully controlled conditions and the quantum efficiency has exceeded 10%, which is
one hundred thousand times higher than that of bulk Si [10-13]. Moreover, the desires
to find new applications for PSi in fields such as solid state lasers, photonic crystals,
drug delivery and biosensing over the last two decades has triggered the interest in
more detailed characterisation of the complex microstructure of PSi. Nevertheless, it
has been a very challenging goal to achieve, due to the small scale and complexity of
the morphological features (i.e pore size and morphology, porosity, etc.). Interest in
gaining an accurate and extensive knowledge of the pore morphology and surface
chemistry of PSi was one of the motivations for this study.

1.3

Porous Silicon

1.3.1 Microstructure, Properties and Applications
First observed accidentally in the 1950’s by the Uhlirs at Bell Laboratories (Fig 1.3) [14,
15] and later by Turner [16], porous silicon layers were formed on the surfaces of
crystalline silicon wafers during attempts to remove the top layers of the wafers in a
process called electropolishing or reverse plating.

Figure 1.3. Arthur Uhlir Jr. and Ingeborg (Williams) Uhlir, unwitting founders of the PSi era [17].
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Today the main method of producing PSi has not changed much from the first attempts.
PSi is readily formed by passing an electrical current through a solution containing
hydrofluoric acid (HF) and ethanol which is in contact with the surface of a
semiconducting silicon wafer of either n-type or p-type doping. This electrochemical
etching reaction leaves behind a network of pores at the nanometre and micrometre
scale with depths up to several hundred micrometres. As already mentioned, despite
its early discovery, PSi became a material of practical interest for scientists when
Canham first reported its efficient room temperature luminescence in 1990 (Fig 1.4)
[18].

Figure 1.4. Leigh Canham looking at the bright orange luminescence from micro-PSi
under ultraviolet light and hoping of a bright future! [19].

In 1992, Doan and Sailor first reported that the optical interference properties of porous
silicon layers was due to a thin-film effect which was observed while investigating the
photo-patterning of porous silicon surfaces during an electrochemical etching reaction
[20]. These developments in the already well-established field of porous silicon
characterisation sparked the interests of researchers pursuing new chemical sensing
and optical computing technologies. By producing nano sized pores in silicon, almost all
of it’s properties undergo a significant change. This has been used to expand the
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applicability of silicon, both by introducing new concepts to silicon technology and by
improving already existing technologies (e.g MEMS, NEMS, photonic crystals and CMOS).
Engineered pores in silicon may be in many forms and sizes. In one extreme, we have a
material where the pores do not change any properties but act more as a mechanical
construction, while in the other extreme one reaches the quantum limit and the material
properties are affected by quantum effects [21]. Almost all the properties such as
microstructural, electrical and thermal resistivity, refractive index, luminescence,
stiffness, chemical reactivity [12, 22] are affected by this process. These changes have
attracted a multidisciplinary interest in PSi. This material has been used in a large
number of applications including passivation layers, silicon on insulators (SOI), light
emitting diodes (LED), cold cathodes, optical and electrochemical sensors, drug delivery,
micro-electromechanical systems (MEMS), solid state lasers, photonic crystals and many
others [23-25]. Each application may benefit from one or a combination of the new
properties of porous silicon. A selection of devices employing PSi is shown in Fig 1.5.

Figure 1.5. Some applications of PSi including (a) betavoltaic cell, (b) light emitting
diodes (LED), (c) silicon on insulators (SOI) and (d) photonic crystals [11].
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Although a large number of researches have been conducted on identification of the
different properties of PSi, the optical properties have received the most attention.
Table 1.1 summarises some of the physical properties of PSi.

Table 1.1. A summary of PSi physical properties [21]
Property
Pore diameter
Porosity
Surface area
Lattice symmetry
Lattice constant
Density

Electron Mobility
Hole Mobility
Static dielectric
constant
Thermal conductivity
Young’s modulus
Hardness
Yield strength
Hydrophobicity

Porous Silicon

NA
NA
NA

1nm – 100µ
20-95%
2 -1

Diamond cubic
0.543 nm
-3

2.3 g cm
1.1 eV
3.5

Optical bandgap
Infrared refractive
index
PL efficiency (vis)
Electrical resistivity

Silicon

-3

0.12 – 1.9 g cm
1.1 – 3.2 eV
1.1 – 3.0
~ 0.05 – 0.01

-6

10
-3

100-1000 m g
Diamond cubic
> 0.543 nm

3

10 – 10 ohm cm
2 -1 -1

1350 cm V S

2 -1 -1

480 cm V S
11.5

-1 -1

150 Wm K
160 GPa
11.5 GPa
7 GPa
80˚

3

12

10 – 10 ohm cm
2 -1 -1

0.1 – 30 cm V S
2 -1 -1

2 – 6 cm V S
2-8

-1 -1

1 – 100 Wm K
1 – 100 GPa
1.5 – 10 GPa
< 7 GPa
116 – 122˚

Porous materials are classified according to IUPAC guidelines, which define ranges of
pore size exhibiting characteristic adsorption properties, as illustrated in Fig 1.6 [12,
21-24, 26].
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Figure 1.6. Pore classifications in porous silicon according to IUPAC. SEM micrograph
of micro, meso and macro PSi layers are shown.

As already indicated, PSi can be prepared by chemical or electrochemical etching of
crystalline silicon in fluorine-based solutions and may consists of nano- or
microcrystalline domains with defined pore morphologies. The diameter, geometric shape
and direction of the pores, porosity and thickness of the porous layer depend on wafer
orientation, dopant concentration and type, temperature, composition of the etching
solution and etching duration, as well as other less significant parameters related to the
fabrication process [27-29].
Electrochemical etching in HF-based electrolyte has been the main method used to
fabricate porous silicon layers [21, 30, 31]. As silicon dissolution requires holes (h+)
during anodisation, illumination is required to generate luminescent PSi from light ntype silicon substrates. In the dark, however, porous silicon formation can be produced
at high applied voltages. Detailed structural studies of the widely varying morphologies
resulting from photoelectrochemical etching of such substrates have been reported in
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the literature [32-44]. PSi fabrication has also been done under complex processes such
as anodisation in the presence of a magnetic field [45-50].
Despite more than two decades of investigation on the microstructure of PSi, there is
still no clear explanation for the extremely rich and complex nature of this
electrochemical reaction. Numerous models and mechanisms have been proposed but
each one explains the formation of only a certain range of pore morphologies and sizes.
The diverse controlling parameters and their effects on the microstructure of PSi is one
of the reasons for the present lack of clarity. Also, most of the fundamental and
systematic studies on the formation mechanism and pore morphology of PSi layers were
done in the 1990s.

The characterisation techniques used for such studies have

improved considerably since then. Therefore revisiting the crystal and pore structureof PSi using modern microscopy instrumentation appeared worthwhile and constituted
one of the aims of the present work [51-61].

Among the different available PSi structures, meso-PSi is the most diverse structure. It
has been used in numerous applications such as sensors, dielectric mirrors and drug
delivery. Meso-PSi can be fabricated with a large range of pore morphologies from ~2
nm to more than 100 nm and is regarded as the most applicable form of PSi due to its
highly tuneable structural, optical and chemical properties [62]. Therefore, there has
been substantially more research on this type of PSi than all others, although mostly
focused on its application. As an example, there is no clear figure of the broad pore size
and morphology available for this type of PSi, which makes it challenging to select
appropriate conditions to tailor a structure for a particular application.

The surface chemistry of PSi layers also plays a pivotal role in their applicability.
Understanding the correlations between the morphology and formation parameters
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and surface chemistry has been another challenge in using PSi in many applications
such as tuneable photonic crystals, sensing and drug delivery.

Thus, one of the aims of this research was to investigate the microstructure of PSi layers
and correlate it with its chemical properties. Such fundamental studies will result in
more efficient application of meso-PSi. It can also provide a better understanding of the
surface functionalisation of PSi. As an example, it is well known that the surface of the

as-prepared PSi is covered by silicon hydride bonds (i.e. mono, di and trihydrides),
which can significantly influence the optical properties and the chemical
functionalisation of PSi for different applications. Therefore, it is very important to
know how these three different hydride species are distributed on PSi surface and also
to identify any correlation between the hydride species and the formation parameters
of PSi (see Chapter 4 for more details).

1.3.2 Fabrication of Porous Silicon
Two distinct approaches can be employed in the production of PSi layers. These
involves etching the silicon surface with and without using external electrical bias. The
first is called electrochemical anodisation (etching) and the second includes several
methods which use chemical routes to develop pores inside the silicon substrate. These
methods are discussed below.
1.3.2.1

Electrochemical Anodisation

Electrochemical etching is the most commonly used technique for the fabrication of PSi.
This technique initially was utilised for device insulation by oxidation of buried porous
silicon layers [63, 64]. Light-emitting porous silicon is usually produced by anodisation
in a solution of hydrofluoric acid (HF) and ethanol [21, 30, 65-67]. While ethanol is used
as a wetting agent, the etching reaction itself involves HF, silicon and free holes (h+).
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Depending on the anodisation current density, substrate resistivity and HF concentration,
etching can be either porous or electropolishing. Dissolution of each silicon atom involves
two holes in the porous regime and four holes during electropolishing. The requirement
for the free holes is inherently fulfilled in p-type material, whereas appropriate
illumination is needed to create the free holes in n-type material. Also, the porosity and
luminescence properties can be controlled by variation of the mentioned parameters and
the anodisation time [21, 24, 26, 68, 69].

To drive the reaction between silicon and HF, the silicon-sample must be positively
biased (anode) and in contact with the electrolyte in which a negatively biased
platinum electrode (cathode) is placed. The mechanism of pore initiation is still largely
unclear. However, there are suggestions that defects or slight variations in surface
potential due to defects or doping atoms are the starting point of the pores. When a
bias is applied, holes from the silicon substrate and F− ions in the electrolyte move
towards the electrolyte/substrate interface and react. The exact reaction kinetics and
mechanism are not well understood and may well vary significantly depending on
formation parameters, as it is evident in the different morphologies obtained for porous
silicon. This was another motivation for the present research, to investigate the possible
mechanisms behind this reaction.

The unanimously accepted reaction for the porous silicon formation was first
suggested by Lehmann and Gösele to be [68] and illustrated in detail in Figure 1.7.
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Figure 1.7. Schematic demonstration of the reaction mechanism involved in the pore
formation in porous silicon proposed by Lehmann, adopted from [70].

It was shown by quantum chemical calculations and IR spectroscopy that the surface
of silicon is fully covered by hydrogen in the presence of HF. When a hole reaches the
surface of the silicon, a nucleophile attack from F− ion replaces the first H. The large
electronegativity difference between F and Si induces a huge polarisation to the bonds
between Si atoms on the surface and the silicon atoms in the backbone. This
polarisation weakens the Si bonds and makes them vulnerable to the next attack. The
products of this reaction are H2 that forms the bubbles over the length of the reaction
and SiF4 in dissolved and ionised state.

1.3.2.2

Electroless Routes to Make Porous Silicon

The use of porous silicon as an anti-reflectance coating on solar cells at an industrial
scale has been challenging due to the difficulties in making large areas of etched layers
by using the conventional electrochemical method [71, 72]. Numerous methods have
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been proposed to address this problem. Each method has advantages and
disadvantages and is usually only suitable for a specific purpose.

The first distinguished method utilised simple chemical etching of a silicon wafer in HF
(hydrofluoric acid) in the presence of an oxidising agent such as nitric acid (HNO3)
without any external bias or electrical contact [73, 74]. Chemical etching of silicon to
make p-n junctions has been done since 1960s [75-77]. However, after the observation
of photoluminescent porous silicon in 1990s [18], this method received revived
interest and the number of studies increased dramatically [71, 78, 79]. This method is
also known as stain etching and simply employs a HF-resistant container, a silicon
wafer and the etchant solution. The etchant composition mainly includes HF as
fluorine-based acid that is able to dissolve silicon and an oxidising agent such as HNO3.
A variety of etchants have been used to customise the stain etching method for
particular applications. The first successful attempt to produce luminescent stain
etched porous silicon was reported in 1992 by Fathauer et al. [80, 81] and later by
other groups [71, 78, 79]. After these reports, the use of stain etching has gained much
interest and several modifications have been made to enhance the properties of the
etching components. However, it is noteworthy that there are still many uncovered
aspects such as degree of crystallinity, pore morphology and pore formation
mechanism. Also, there are not enough data in the literature for tailoring a stain-etched
PSi with desired microstructural, optical and also chemical properties for a particular
application (see the suggestions for further studies).

Further developments have been made to improve the stain etching method efficiency and
expand its ability to form various microstructures. Today, some of these developments have
been classified as independent methods. A lack of external electrical bias is the common
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factor for all these methods and hence, they are called “electroless” methods. The most
important methods in this category are: (1) photochemical etching [82], (2) vapour
phase induced etching (dry etching) [83, 84], (3) hydrothermal etching [85-91] (4)
metal assisted stain etching or galvanic stain etching [92-102] and (5) spark erosion
[103-116], a rather physical method that is not based on chemical reactions or
electrical bias to form porous silicon layer.

1.3.3 Surface Functionalisation of Porous Silicon
Hydrogen-terminated porous silicon surfaces prepared by electrochemical anodisation of
crystalline silicon in HF-based electrolytes exhibited good optoelectronic properties [117134]. However, these properties are affected by chemical transformations which occur
upon exposure of these surfaces to ambient air. Slow oxidation of the surface tends to
deteriorate the optical and electrical properties of the hydrogenated silicon and is
highly undesirable in many applications such as optoelectronics, photovoltaic and sensing
[135-139]. Several methods including deliberate oxidation under controlled thermal or
electrochemical conditions have been employed to stabilise the porous matrix [89,
140-150]. Recently, considerable effort has been devoted toward passivation of porous
silicon by chemical derivatisation of the freshly prepared surface, thus replacing siliconhydrogen (Si—Hx) bonds with more stable Si—C or Si—O—C bonds, under various
conditions [62, 151-157]. The organic-modified porous silicon surfaces have shown a
very good stability in different organic and aqueous buffered solutions. This high
improvement in the stability is a real asset for future applications of the resulting
hybrid materials such as porous silicon-organic/inorganic monolayer assemblies [158163]. For instance, it is possible to combine large reactive surface areas of porous
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silicon with magnetic elements to achieve good and controllable magnetic properties
[164-167].

Due to the increasing number of applications for porous silicon, there is always a large
demand for new functionalised surfaces which prompts the need for further
improvement in the functionalisation methods and their abilities. On the other hand
changing the chemical properties without altering the microstructure is highly
unlikely. There is a pivotal requirement to correlate functionalisation abilities with the
microstructure of porous silicon and this requires a good knowledge of both topics.
This will result in better awareness of the effect of functionalisation on the
microstructure of porous silicon for a particular application.
Metallic functionalisation is also another way for altering the optical and electrical
properties of PSi. Inclusion of nanostructured metals on the surface of PSi can change
the optical properties of the surface dramatically. As an example, decorating the surface
of PSi with nanostructured noble metals can add the plasmon resonance (PSR) effect of
the metallic structures to the optical properties of PSi. The adoption of such approach
can be effective in extending the use of PSi in new realms such as plasmonics,
photovoltaics, magnetics, photonics and surface enhanced Raman spectroscopy (SERS)
[168-183]. In this context, PSi was functionalised by Ag and Au nanostructures and was
used as SERS substrate in this study (see Chapter 5 and 6 for more details).
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1.4

Raman Spectroscopy

Light-matter interaction may occur in different ways: photon adsorption or emission
and scattering in which the electric field of the light wave excites the atoms, molecules
or crystal lattice of the material. Light scattering can be classified into elastic and
inelastic scattering. In elastic scattering the energy of the scattered light is the same as
that of the original light (i.e. Rayleigh scattering), whereas in inelastic scattering the
energy of the scattered light undergoes a change (Brillouin and Raman scattering).
Phenomena such as reflection, refraction and diffraction are examples of elastic
Rayleigh scattering. All these phenomena have been used by scientists to optically
characterise materials [184].

Inelastic light scattering is the result of light interaction with the atomic or molecular
vibrations which results in the incident photons losing or gaining energy. In the case of
energy loss, a “red frequency shift” (Stokes scattering) and in the case of energy gain a
“blue shift” (anti-Stokes shift) occurs for the incident monochromatic light. Fig 1.8 shows
different scattering processes with emphasis on energy or frequency difference.

Raman spectroscopy is an analytical technique which uses inelastic scattering of
monochromatic light by the sample. The Stokes/anti-Stokes shifts provide information
about vibrational, rotational and other frequency transitions in molecular bonds. The
collection of the Stokes and anti-Stokes shifts across a range of frequencies generates
the Raman spectrum, providing a powerful analytical tool for a large range of
applications. It is important to note that Stokes and anti-Stokes scattering bands of a
defined molecular or atomic bond appear at almost equal absolute frequency shift,
although the intensity of the Stokes band is significantly higher than that of anti-Stokes
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band. Therefore in most of the cases, only the Stokes line is measured in Raman
spectroscopy. It must be noted that Raman photons comprise a very small fraction of
the scattered light compared to for instance, Rayleigh photons (~ 1 in 107). Therefore,
the Raman signal is very weak and needs a powerful laser in order to be detected.

Figure 1.8. Illustrative (a) energy and (b) spectral diagram showing various scattering
processes.

Raman scattering can be used to identify chemicals or study the structure of crystals to
learn about residual stress and strains, thermal properties, degree of crystallinity, etc.
Extremely high sensitivity to the symmetry, angle and strength of the bonds, the ability
for excitation by a wide range of laser frequencies and use as a molecular finger
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printing technique are regarded as the most significant key features of Raman
spectroscopy. However, as the Raman spectra are highly complicated functions of the
structure and bonds, a very careful analysis is required to avoid misinterpretation.

Similar to Raman spectroscopy, Brillouin spectroscopy also employs the inelastic
phonon scattering to give information about the structure of materials [185-187].
Brillouin spectroscopy measures the acoustic phonon scattering (low frequency
phonons as will be discussed later), whereas Raman spectroscopy measures high
frequency scattering bands including the optical phonon scattering bands plus a part
of acoustic bands (with wavenumbers higher than ~100 cm-1). Therefore, there is a
significant difference between the types of information each of the mentioned
techniques provides.

Raman spectroscopy has similarities with infrared (IR) spectroscopy; however, what
fundamentally differentiates them is their selection rule. In IR absorption, molecules
must undergo a net change in dipole moment; therefore perfectly symmetrical
molecules are not IR active (e.g. O2 and N2). In contrast, in Raman scattering, molecules
change their polarisability (the change of the dipole moment with distance) while
vibrating. Therefore, highly polar bonds are almost Raman inactive or very weak
scatterers (e.g. C-O, N-O and O-H). Having anisotropic polarisability is the main selection
rule for Raman scattering. In general, the strong bands in the Raman spectrum are
weak in the IR spectrum and vice versa and therefore, these two techniques
complement each other.

In single crystalline semiconductors such as the samples discussed in this study, the
lost or gained energy is in the vibration wave form, labelled as phonon with a
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wavevectors limited to the Brillouin zone of the crystal. The Brillouin zone can be
defined as a primitive cell in the reciprocal space which exhibits all wavevectors that
can be Bragg-reflected by a crystal [188].

Phonons may be classified according to the type of atomic vibration mode in a lattice.
As shown in Fig 1.9 acoustic phonons are coherent vibrations (in phase) of the atoms
around their equilibrium position, whereas optical phonons correspond to out of phase
movements of the atoms in the lattice [189]. Depending on the vibration mode, acoustic
phonons may be abbreviated as LA and TA for longitudinal and transverse modes,
respectively, and the same is applied to the optical phonons (i.e. LO and TO).
Longitudinal and transverse modes refer to the direction of the atomic oscillation
compared to the direction of the wave propagation.

Figure 1.9. Transverse phonons in a 1D crystal, containing two different atoms with
lattice constant of a [190].

In a perfect crystal (i.e. silicon and other diamond-like materials) only the phonons at the
centre of the Brillouin zone (q = 0) are Raman active (momentum conservation selection
rule). However, introducing disorders into the crystalline structure and breaking the long
range order by, for instance, reducing the crystallite size, may result in the relaxation of
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the selection rule (according to the Heisenberg uncertainty principle). Such a process
causes a considerable downshift and broadening in the Raman band in response to
contribution of the phonons away from the centre of the Brillouin zone in the Raman
spectrum [191]. Such an alteration in the Raman bands can be used as a powerful tool to
characterise the crystalline properties of nanostructured materials. In single crystalline
silicon the optical phonon scattering occurs at the centre of Brillouin zone O(Γ) and
appears as a sharp and narrow band located at 520 cm-1 and full width half maximum
(FWHM) of about 4 to 7 cm-1 (depending on instrumental condition). This process is a one
phonon scattering (one phonon created from one incidence) and is called the first order
scattering band. Approaching crystallite sizes less than 300 Å the selection rule relaxes
leading to a significant downshift and broadening in the first order band, which can be
used to characterise the crystalline properties of the silicon nanostructures [192, 193].

The above mentioned process has been successfully described using the concept of
phonon confinement in small spaces [191, 194-196]. Based on this concept, the
coherence length of phonons is very small in the infinite crystalline size, when phonons
are confined in small domains. Therefore the momentum conservation rule at the
centre of the Brillouin zone will be relaxed since the system no longer possess infinite
translation symmetry. Consequently, phonons of lower frequencies and momenta far
from the Brillouin centre  q  q  2  are permitted to participate in the Raman
L

scattering, causing shift and broadening in the characteristic Raman bands (q´ is the
laser wave vector and L is the size of the nanocrystallites).

As mentioned, band shift and softening (i.e broadening) of the first-order Raman spectra
might be assigned to a series of events such as the short coherence length of the optical
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phonons and violation of the wave vector selection rule [195], phonon dispersion and
damping [197, 198], residual stress/strain in the microstructure[199-201], electronphonon coupling [201-203], non-homogenous heating[204, 205], etc. [206]. A number
of these parameters have been neglected in the literature; however it seems that
depending on the given circumstances, some of these parameters should be seriously
considered. For instance, the amount of residual stress in porous silicon layers has
been assumed not large enough to soften the LO peak more than 0.5 cm-1 [197],
however, without performing the critical drying procedures, highly porous PSi layers
undergo fracture as residual stresses exceed the yield strength [207].

In addition, the surface to bulk ratio is extremely high in porous silicon which undoubtedly
has an impact on first-order band shift and broadening. Apart from sample condition, a
very important and effective parameter on the alterations of the scattering bands is the
local heating of the specimen by the laser probe. This can introduce a very large band shift
and broadening in the entire spectra of the silicon nanostructures which is not related to
structural properties of the sample. Therefore, one-phonon scattering band shift and

deformation in silicon nanostructures may include traces of all or some of the mentioned
parameters. Consequently, in many cases one-phonon scattering band is not reliable for
quantitative analysis, as it has been used widely for estimating the crystalline
characteristics of nanostructures [208-212].

Therefore, depending on the samples characteristics, it is very important to consider some
of the mentioned parameters such as residual stresses, surface area and reflectivity and
more importantly select the measurement condition accordingly (i.e. laser energy,
irradiance and exposure time). This led to a combined Raman spectroscopy and EM study
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on the effects of the Raman measurement condition on the Raman spectra of the silicon
nanostructures presented in Chapter 4.

The laser photon momentum can be transferred to two or more phonons and participate
in multi-phonon scattering. According to the momentum conservation law, phonons
participating in two-phonon process (second-order scattering) must have vectors with
equal modulus but different signs [213]. Nevertheless, in nanocrystallites this rule is
relaxed and phonons from the entire range of the Brillouin zone and particularly from the
edges could contribute to the Raman scattering [214]. These phonons possess longer wave
vectors and, hence, they are extremely responsive to short-range disorders. The multiphonon spectra (i.e. second-order or higher) of silicon-based structures are overtones of
the acoustic, optical phonons or admixtures of them.

To the best of our knowledge, only a few attempts have employed the second-order
Raman scattering bands to elucidate the crystalline structure of porous silicon or other
types of silicon nanostructures [212, 215-220]. Indeed, to make a solid statement about
the microstructural characteristics of the examined sample, the first-order scattering
band is not enough. In this contribution, a systematic sample preparation and Raman
study was performed to provide new insights in the interpretation of the Raman spectra
of silicon nanostructures (Chapters 3 and 4). This includes consideration of any changes
in the multi-phonon spectra in correspondence to that of the well-known first-order
scattering. The goal is to give a full picture of the PSi structures using multi-phonon
scattering bands in addition to the one-phonon scattering band.

Some of the multi-phonon scattering bands in the Raman spectra of the silicon
nanostructures originate from chemical bonds (dangling bonds) at the surface of the
silicon. Silicon oxides, hydrides and halides are the most common dangling bonds to be
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identified by the Raman spectroscopy [122, 127, 132, 207, 221-226]. Amongst these
bonds, silicon hydrides (Si-Hx) are the most important, as they exist on the surface of the
as-prepared PSi layers and are used as the starting point for any chemical modification
of the PSi surface [227-231]. However, the hydride bonds are highly unstable and can
easily be replaced by oxide bonds. Ageing, heating, illuminating and exposing PSi layers
to many reagents will result in the replacement of hydrides by oxides, which is
undesirable for some applications such as photovoltaics and photonics [121, 126, 127,
132, 221, 227-235]. As a practical example, Raman Spectroscopy has been used in the
photovoltaic industry to detect the surface silicon hydride bonds. However, if the
measurement parameters such as laser irradiance and exposure time are not selected
properly (as explained above), the bands related to hydrides will be changed or
disappear entirely (due to local heating) [236-238]. The local heating in Raman
measurement may also cause other errors such as undesired band movement and
broadening leading to miscalculation of the crystalline characteristics of the specimen.
Therefore the optimised conditions for measurement of the Raman spectra for silicon
nanostructures need to be investigated. The hydride bands can be used as an excellent
probe to optimise the laser irradiance which can help to record a Raman spectrum
without artefacts. This was another motivation for the present work (see Chapter 4).

The displacement field of the acoustic phonons is rather delocalized compared to
optical phonons [192]. Thus, acoustic vibration may extend over distances much larger
than the average separation between distributed scattering events in the solid.
Consequently low frequency acoustic phonons are highly sensitive to the degree of
crystallinity due to the longer correlation length of stable crystallites (i.e. ≈3 nm for
silicon) than an amorphous solid. Unlike acoustic phonons, optical phonons tend to be
confined in the nanocrystalline domains and the corresponding phonon wave function

27 | P a g e
is very close to zero at the crystallite boundary. Therefore, they can be reliably used in
crystallite size estimations and related phenomena [192, 193, 239].

In addition to these, there are other bands in the Raman spectra of silicon nanostructures
which are located in the region from 600 to 900 cm-1 and above but close to 1000 cm-1 that
are defined as “admixed bands” (a mixture of acoustic and optical phonons). There are
different opinions in the literature about the assignment of these bands to silicon hydrides
or oxides [240-242]. Investigation of the origin of the admixed bands is also useful for
gaining a thorough understanding of the Raman spectra of the silicon nanostructures and
in particular, PSi. This was done by a systematic oxidation of PSi layers using laser and heat
treatments (details in Chapter 4).

1.5

Surface Enhanced Raman Spectroscopy (SERS)

Despite numerous advantages, Raman spectroscopy suffers from the low number of
Raman photons compared to the number of incident photons, which makes it
ineffective for measurement of low analyte concentration (lower than 10-6 M). The
Raman to incident photon ratio is about 10-7 due the very small Raman cross section
(i.e. 10-26~10-31cm2.molecule-1). However, the observation of a tremendous signal
enhancement for very dilute pyridine on a rough metallic surface (Ag) by Fisherman et
al. [243] stimulated a new interest. They observed a Raman signal a million times more
intense than previously recorded for pyridine on a roughened silver sheet. Since then,
more than 17,000 scientific papers, review articles and books have been published on
SERS which clearly shows the significance of the subject. Out of these, around 7,000
publications have been published in last three years, indicating the growing interest in
SERS and related phenomena. This is due to increasing applications of SERS to many
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fields, such as medicine, pharmacology, analytical chemistry, materials science and
optics.

The mechanisms involved in SERS are not yet fully understood, although significant
progress has been made to decode the processes behind the signal enhancement.
Several mechanisms, including surface plasmon resonance (SPR) caused by the
interaction of light with the surface of the metal [244, 245], charge-transfer resonance
between the analyte molecule and the conduction band of the metal particles and
analyte molecular resonance close to the excitation frequency have been thoroughly
investigated [246-248]. A SERS measurement may benefit from a single mechanism or
several and obviously, the more mechanisms involved, the greater the potential
enhancement. The morphology, size distribution, degree of agglomeration and surface
chemistry of the metal particle, as well as the substrate topography and the type of
analyte molecule are all key factors dictating which mechanisms are more effective
[249-252].

It has been shown that the best SERS enhancement is achieved when the metallic surface
is covered by a single molecular layer of the analyte [253, 254]. This condition is used to
estimate the enhancement factor (EF) of a substrate or metal colloid solution. Simply, EF
can be defined as the ratio of the SERS over non-SERS cross-section (more details in
Chapter 7). Having more analyte than a single layer leads to the accumulation of the
material and approaching the normal Raman condition. Therefore, the determination of
the optimised condition and concentration which gives a single molecular coverage is
very important [253].
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Despite the difficulties in defining EF, it is the only quantitative approach to measure and
compare the strength of any SERS active media (e.g. a colloid or a substrate). Due to the
complexities involved with the mentioned definition, it is rather easy to mix irrelevant
effects into pure SERS and report an out of order factor. This becomes more critical when
determining the EF for a substrate. We found the definitions elaborated by Ru et al. [253]
the most reliable and reproducible to follow. Therefore, EF was estimated using their
approach whenever required. The details of EF calculations are presented in Chapter 5
and 6.

Another reason for the difficulty in understanding the SERS effect has been the lack of
a reliable substrate on which to perform a standard and repeatable SERS experiments.
Despite numerous efforts concentrated on the fabrication of a simple, reproducible,
durable, selective and sensitive substrate for SERS experiments [255] this target is yet
to be accomplished. This was another motivation to focus on the side which has
received less attention, such as fabrication of the substrate.

There is some agreement in the literature on the suitable properties of a good SERS
sample such as nano-scale roughness, particle size and morphology, degree of
agglomeration, etc. The main features of a SERS substrate were more precisely outlined
by Michael J. Natan [256]:

1-

A good SERS substrate should have a high SERS activity. Such substrate

should have metal particles with 50 to 100 nm size and interparticle spacing of less
than 10 nm. This is to achieve the highest plasmon resonance and electromagnetic
field.
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2-

Substrate should be uniform to show an enhancement deviation of less

than 20% on the entire surface.
3-

Substrate should be reproducible; enhancement deviating less than 20%

for different batches of the substrate fabrication is required.
4-

Substrate should be clean enough for the identification of an unknown

compound.
To date, no substrate has been fabricated that ticks all the boxes and there are still
numerous challenges to be addressed in fabricating a fully accepted substrate. It
becomes even more challenging when the substrate is required for a certain application.
For example, the substrate should be extremely uniform and reproducible for
quantitative measurements, it should have the highest possible enhancement for trace
analysis and it should be very clean and uniform for biochemical detections. All these
motivated us to investigate the possible ways of employing PSi layers as the initial
substrate for SERS application (details in Chapters 5 and 6).

Among all the tested metals the highest enhancement has been obtained with silver
and gold, thus a relatively large number of studies have focused on controlling the
morphological properties of these two noble metals. Nonetheless, all these efforts may
not be successful without immobilising the synthesized metallic structure on a
substrate. The methods, that have been employed to prepare clean and reproducible
SERS substrate include electrochemical oxidation/reduction cycles (EC-ORC), vacuum
deposition, chemically synthesised sols containing nanoparticles with a wide size
distribution, chemically synthesised metal nanoparticles with controlled shape and
size, laser ablation, self-assembly, template fabrication and lithography for large-area
rough surfaces with defined antiparticle spacing, shape and size [257]. All of the
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mentioned methods have their advantages and disadvantages; some are complex and
costly, some cannot be immobilised on a substrate and some do not show a good SERS
performance.

Silicon is an excellent candidate as a basic substrate for SERS due to its amenability to
high resolution micro-machining, low-cost production, integrability with contemporary
microelectronics and controllable surface chemistry [255]. In this regard, porous silicon
possesses all the above mentioned properties. In addition, its large surface to bulk ratio
leads to an intrinsic enhancement of the Raman signal. It is highly compatible with the
available micro and optoelectronic industry, which makes it an ideal candidate for
device fabrication. Its versatile surface chemistry may allow control of the metal
deposition and result in different morphologies of deposited metal particles (i.e. gold
and silver). A high number of fabrication methods and available silicon wafers provide
a large variety of microstructures with different optical, electrical and morphological
properties. Therefore, PSi offers a great potential as a SERS substrate.

1.5.1 Porous silicon as substrate for SERS
PSi was first used as a SERS substrate by Selena Chane et al. in 2003 [258]. By
introducing silver coating into the pores of a meso-PSi layer via decomposition of Ag
nitrate on the surface of a plasma oxidised PSi, they achieved a highly SERS active
substrate. They examined their substrate for detection of rhodamine 6G and the
biological molecule adenine. This work was later followed by Sailor et al. to improve
the SERS activity by Ag dendrite formation on the PSi surface [60]. Meso-PSi plated by
Ag particles was again used by Giorgis et al. in 2008 [259]. They emphasised the effects
of the morphology of the silver particles on the enhancement factor of the SERS
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substrate. There has been an increasing interest in using PSi as substrate for SERS
experiments from 2009 as shown in Fig 1.10.

Figure 1.10. Number of publications using PSi as SERS substrate.

In 2009, Feng et al. used hydrothermally etched porous silicon and the same immersion
plating method to produce the SERS substrate [260, 261]. They used adenine as the
probe molecule and achieved a significant enhancement in Raman signal. They
attributed the enhancement to active spacing sites between silver particles with very
significant size difference. In the same year, Froner et al. [262] used macro-PSi coated
by silver nanoparticles as SERS substrate. They showed a little improvement by
attaching the colloidal Ag nanoparticles on the surface of macro-PSi functionalised by
aminosilane compared with the immersion plating method used by other authors. Feng
et al. continued working on SERS substrate using hydrothermally prepared PSi with
different metals such as copper [261] and gold [263]. In 2010 and 2011, meso-PSi was
used frequently with different research groups. Most of these works used immersion
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plating to deposit silver particles on the surface of PSi [264-267]. Interestingly, the
number of works using PSi for SERS application has been increasing constantly and is
expected to be even more [268-278].

Another type of PSi layers which was successfully used as SERS substrate was metalinduced silicon nanowires. In this technique, silicon is initially coated with a silver or
gold layer and then will be immersed in a HF solution. A localised oxidation and
dissolution of silicon occurs in the presence of the metals with a large electronegativity
difference. This technique is capable of producing solid and porous silicon nanowires
that contain some entrapped silver/gold nanoparticles and show a very good SERS
performance [279-281].
A modification of the metal-induced fabrication of porous silicon nanowires was the
main approach used in this study for the SERS substrate fabrication. We focused mainly
on the deposition of the gold and silver particles on the surface of previously prepared
PSi, rather than using it to prepare porous silicon nanowires and repeat the other works.
After a few trials, it became obvious that despite simplicity of the method, it has an
excellent potential to produce diverse morphologies of the silver and gold particles by
changing the etching condition, substrate roughness and porosity. This motivated the
systematic use of various types of PSi to find the effects of the mentioned parameters on
the metal deposition and ultimately SERS performance.
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2. Chapter 2. Experimental Details

Experimental Details
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2.1

Introduction

This chapter presents the techniques and methods which were used to fabricate,
synthesise and characterise the materials used in this study. As the main aim of this
study was to use PSi layers decorated with noble metal nanostructures as SERS
substrates, fabrication of a wide range of PSi layers was undertaken. The resulting
supporting substrate was coated with two different metal nanostructures to produce
the desired SERS substrate. The overall experimental part of this research can be
divided into three main parts:

1- Fabrication of the SERS substrate including PSi fabrication and the noble metal
deposition
2- Characterisation of the substrate components (i.e. PSi and metallic structure);
and
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3- Investigation of the SERS performance of the substrate.
PSi was employed because of its unique structural and optical properties. By using the
exceptional surface morphology of PSi along with a galvanic displacement method, a
new type of gold nanostructure which performs effectively as a SERS substrate has
been successfully fabricated. The same method was employed to fabricate another
SERS substrate using silver nanoparticles and dendrites.

Electrochemical and stain etching methods were used to produce PSi layers and metallic
nanostructures were deposited on the PSi surfaces using a simple but efficient wet
chemical method. As the performance of a SERS substrate is greatly influenced by the
morphology and microstructure of the substrate components, a thorough morphological,
microstructural and crystallographic investigation of each component was undertaken. A
number of techniques including scanning electron microscopy (SEM), transmission
electron microscopy (TEM), Raman spectroscopy, X-ray diffraction (XRD), energy
dispersive spectroscopy (EDS) and ultraviolet–visible spectroscopy (UV-Vis) were used to
characterise the fabricated structures. Different methods were evaluated for the
preparation of the TEM samples. Ultimately, focused ion beam (FIB) was found to be the
most acceptable method for TEM sample preparation.

Despite the large volume of scientific literature on PSi, there remain a great number of
fundamental unknowns. This has limited the use of such layers in some applications.
Lack of knowledge about the structure has led to fundamental uncertainties in finding
the origins of the unique properties of PSi structures.

PSi has multifunctional characteristics. It is a thin film, a porous and very brittle
semiconductor with a tuneable band gap [1-3]. It has constituents as small as 1 nm and
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is a single crystalline structure which may be considered as a quantum wire or dot. It
can make 2D and 3D structures by changing the thickness and pore size [4-7]. All these
properties make the characterisation of a PSi layer very challenging.

In recent years, advances in microscopy have greatly improved the ability to
characterise PSi and other difficult nanostructures. Therefore, it is an opportune time
to revisit the microstructural properties of PSi in the search for a suitable SERS
substrate. As an example, micro-Raman spectroscopy has been used widely to evaluate
the crystalline properties of the silicon nanostructures. However, many controversies
can be found in the literature about the use of the Raman spectra to quantitatively
study the crystalline properties of nanostructures. Therefore, we used microscopic
information obtained for PSi structures to evaluate the reliability of using Raman
spectra for quantitative analysis of the silicon nanostructures (discussed in detailed in
Chapter 4). Consequently, all fabricated samples were characterised by using microRaman spectroscopy and the results were compared with TEM and SEM images. Also
the use of more sophisticated instruments such as FIB microscope led us to successful
preparation of high quality TEM samples from PSi which gave new information about
the crystalline properties of PSi.
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2.2

Porous Silicon Fabrication

2.2.1 Electrochemical Etching
Electrochemical anodisation (etching) is the most common method for fabricating a
precisely tailored PSi layer. This method is able to form a wide range of pore sizes and
morphologies, simply by varying the silicon wafer properties (i.e. type, resistivity,
growth direction) and current/potential [1, 8-11].

PSi can be produced by this technique through two main approaches: galvanostatic
(constant current) and potentiostatic (constant potential) anodisation. Theoretically,
both conditions should give the same results. However, due to the change in resistivity
of the substrate during the etching, the potentiostatic condition does not enable the
formation of a uniform layer [1, 11]. Therefore there has been a preference to use the
galvanostatic method to produce highly uniform PSi layers.

In this method, silicon is used as the anode, while a platinum wire is the cathode. The
electrochemical reaction employs an electrolyte, which consists mainly of hydrofluoric
acid and a surfactant. The reaction takes place in an electrochemical cell. A number of
electrochemical cell designs including single and double tank, rotary electrode and
vertical electrode have been reported [11]. Amongst these designs, the single tank
O-ring cell has been found to be the simplest and the most efficient in establishing
an homogenous current across the wafers [11]. Fig 2.1 shows the components of the
cell used in the present study. The cell was designed and fabricated at the machine
workshop in the School of Geosciences at Monash University. The cell can be made
of Teflon, PVC or any other HF-resistant polymer. As shown in Fig 2.1, an aluminium
strip was used to provide a pseudo-ohmic contact between the power supply and the
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silicon wafer. This strip can be made of copper or any other conductive metal and
should be flat to provide maximum electrical contact with the wafer. A flat spiralled Pt
wire with a diameter of 0.25 mm was used as the cathode.

An O-ring separates the main container from the back side of the wafer and defines the
final etched area. In this work, an O-ring (d = 1 cm) providing an etching area of 0.785
cm2 was used.

Figure 2.1. Electrochemical cell used to etch the silicon wafers.

A galvanostat (essentially, an accurate I/V power supply) is required to apply the required
current density for the etching. As shown in Fig 2.2, an EZStat-Pro was used as the
galvanostat in the present work. Some of the technical specifications of EZStat-Pro are
given in Table 2.1. A computer interface controls all the etching parameters such as applied
current density and etching duration.
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Figure 2.2. The galvanostat used to etch the silicon wafers.

Table 2.1. Specification summary of EZStat-Pro.

Compliance
Voltage
Max Output
Current
Slew Rate

±25 V

Applied DC
Potential Ranges
Applied Potential
Resolution

3 nA

±1 A

Best Applied Current
Resolution
Maximum Update Rate

0.2 V/μs

Acquisition Time

4 μs

1 (±10 V)

Acquisition Speed

0.3 mV

Measured Current
Ranges

250000
samples/second
(±100 μA, ±1 mA,
±100 mA, ±1 A)

4 μs

The cell set up is shown schematically in Fig. 2.3. The positive and negative poles are
connected to the silicon wafer and Pt wire, respectively. This set-up produces an anodic
bias within the electrodes which is required to etch p-type silicon in presence of HF.

Figure 2.3. Electrochemical etching schematic.
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The overall electrochemical reaction between silicon and HF based electrolyte is
generally expressed as [11]:

The availability of the positive charge carriers (h+) and fluorine ions (F-) in the
silicon/electrolyte junction is the key factor to trigger the reaction between electrolyte and
the silicon electrode. In the case of p-type silicon, anodic bias is required to push the holes
toward the junction, whereas in the case of n-type silicon, illumination generates holes and

Si

cathodic bias moves the charges toward the junction. As the p-type silicon wafer was used
throughout this study, no illumination was required and anodic bias (silicon connected to
the (+) and Pt connected to the (-)) was used. The silicon wafers used in this study were

sourced from (100) boron-doped single crystalline wafer with two doping densities

resulting in resistivity of 0.003-0.007 Ω.cm and 20-40 Ω.cm and was supplied by University
Wafer.

Before etching, silicon wafers were diced using a diamond scriber into 1.2×1.2 cm2 pieces
and then sonicated in 1:1 acetone and ethanol solution for 10 minutes to remove grease

and organic contamination from the surface. They were then thoroughly rinsed with

deionised water (DI) and immersed in a 1M HF solution for 1 minute to remove the native
oxide layer and immediately subjected to anodisation.

Porous silicon (PSi) layers were fabricated by electrochemical anodisation under
galvanostatic condition. A mixture of hydrofluoric acid (HF) and a surfactant was used
as the electrolyte. Ethanol is the most frequently added surfactant to the electrolyte
solution to reduce the surface tension, wet the interior parts of the hydrophobic porous
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layer and to minimise hydrogen bubble formation during anodisation. Other solvents,
such as acetonitrile (ACn), dimethyl formaldehyde (DMF), dimethyl sulphoxide
(DMSO) and tetramethyl ammonium hydroxide (TMAH) were evaluated for
modification of the surface tension and oxidizing strength of the electrolyte. In general,
EtOH showed more reproducibility than other solvents and therefore, was used as the
main surfactant in this study. All the reagents used in this study were of analytical
grade supplied by Merck Pty. Ltd., Australia. A summary of the properties of the solvents
used is given in Table 2.2.
Table 2.2. Properties of the surfactants used to form PSi.
Molar
mass
−1
g mol

Density
3
g/cm

Viscosity
cP
(20 °C)

Dipole
moment
D (25 °C)

Polarity

Surface
tension
mN/m
(20 °C)

Van der
Waals
volume

EtOH

46.07

0.789

0.0012

1.69

65.4

22.10

2.11

DMF

73.09

0.944

0.92

3.86

40.4

37.10

3.09

DMSO

78.13

1.1004

1.996

3.96

44.4

43.54

2.83

ACn

41.05

0.777

0.38

3.2

37.5

29.29

1.87

As shown in Fig 2.4, the properties of PSi are a function of several parameters in the
electrochemical etching method. The main parameters used for producing different PSi in
this study were the resistivity of the silicon wafer, current density (J, mA/cm2), electrolyte
composition (surface tension and oxidising strength) and etching time (t, sec). All the
etching was done in daylight at room temperature without agitation as the hydrogen
bubbling during the etching was enough to homogenise the solution. The exact formation
parameters of the produced PSi layers are discussed in more details in the next chapters.
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Figure 2.4. Effective parameters in electrochemical/stain etching method. The

current density (J) is the only parameter effective exclusively on
electrochemical anodisation, no other PSi fabrication methods.

2.2.2 Stain Etching
The etching solution consists of HF as the main component and HNO3 as the most
common oxidising agent. The etching process can be done in a HF resistant container.
As shown in Fig 2.4 and similar to electrochemical anodisation, illumination condition,
temperature, agitation and the electrolyte composition are the main parameters that
affect the etching process. However, the actual influence of some of these parameters
has not been fully explored.

The HF/HNO3 ratio is the main parameter in determining the etch result. Low HNO3
concentrations produce porous silicon layers while high HNO3 concentration leads to
surface polishing.

A mixture of HF and HNO3 of different volumetric ratios (HF: HNO3 | 1000:1, 500:1 and
100:1) was used as the electrolyte to fabricate stain etched PSi in this study. A Teflon
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beaker was used as the reaction container and all the reactions were carried out in daylight
at room temperature and no agitation was required. The details of the etchant composition
are given in Chapter 6.

2.3

SERS Substrates Fabrication

Different PSi layers including electrochemically anodised meso- and macro-PSi were
used as initial substrate for the SERS substrate fabrication. Gold and silver particles
were deposited on the PSi surfaces to form the SERS substrates. The metal depositions
were done via a galvanic displacement reaction by immersing the as-etched PSi
samples in the electrolyte at room temperature. The electrolytes consisted of 0.02 M
HAuCl4 (Sigma-Aldrich®) and 0.4 M AgNO3 in 2.9 M HF (Merck Pty. Ltd., Australia)
solutions for Au and Ag deposition, respectively. The electrolytes were kept in
darkness to avoid any photochemical decomposition.
Metal depositions were done in Teflon beakers with the volume of 15 ml. PSi chips were
located at the bottom of the container with the porous side up and electrolyte was added
to the container. The electrolyte was replaced by DI water after the required deposition
time to stop the deposition. Immersion times were adjusted (1 sec to 10 min) to achieve
the desired particle size, morphology and surface coverage. Samples were rinsed with
copious amounts of DI water several times to remove residual HF from the surface and
were then dried under a N2 stream. Coated chips were cut into smaller pieces for the final
SERS measurements.

2.4

Characterisation

SERS and its related phenomena is a highly multidisciplinary field. Therefore, the
characterisation of a SERS substrate is a complex task. Arguably, the “enhancement factor”
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(EF) is considered the best way to evaluate the performance of a SERS substrate. However,
microstructural and optical properties of the substrate components are the main source
of the Raman signal enhancement. All the substrates developed in the present study
comprise of PSi as the supportive layer and a metallic nanostructure as the main SERS
active component. Apart from the SERS performance of the substrates, each component
(i.e. PSi, Ag and Au) was characterised by using various techniques, such as SEM, TEM and
Raman spectroscopy.

A deeper understanding can bring new insights into the applicability of PSi structures
or even resurrect some of the prospects which have been forgotten. In the first part of
this study, our focus was on revisiting the morphological aspects of PSi using advanced
electron microscopy (EM) and Raman spectroscopy as a way of filling the existing gaps
in the literature. For this reason, we have ensured that all the samples in this study
underwent detailed characterisation. To achieve this goal, three major techniques were
used: scanning electron microscopy (SEM), high resolution transmission electron
microscopy (HRTEM) and Raman spectroscopy. SEM was mainly used to investigate
the morphological aspects of a large range of PSi layers, whereas HRTEM and Raman
spectroscopy were used to elucidate the crystalline characteristics of the layers.

Another part of this section is devoted to the characterisation of the metal
nanostructures deposited on the PSi surfaces to be used as SERS substrates. The
metallic structures were characterised using SEM and HRTEM to understand the
correlations between SERS performance and the morphological aspects. Finally, the
fabricated substrates were investigated under SERS conditions to evaluate their
potential use as SERS platforms.
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This section describes the basic principles of the characterisation techniques (SEM,
TEM and Raman spectroscopy) and also experimental parameters used in this study.

2.4.1 Electron Microscopy (EM)
EM was originally developed in the 1930’s to overcome the limitations of optical
microscopy. EM in its many forms is used in a wide range of scientific fields. Electron
microscopes use electrons rather than visible light to successfully enhance the resolution
from ~1 µm in optical microscopes to less than 1 Å, thanks to the use of electrons with
sub-Å wavelength. EM is not just an imaging technique but a highly diverse one, offering
a wide range of information about morphology, surface, atomic structure, chemistry and
many other properties. Integrating many imaging and spectroscopic techniques has
made EM an extremely versatile characterisation tool for almost all types of materials.

EM uses an electron beam instead of visible light, electromagnetic lenses instead of
glass ones and a high vacuum instead of ambient conditions. The electron beam can be
generated through two main mechanisms: thermionic emission or field emission. In
the case of thermionic emission, electrons are emitted from a heated filament which
might be made of tungsten or LaB6 (lanthanum hexaboride). In contrast, field emission
guns (FEG) utilise a very sharp cathode tip under an extremely large electric field which
allows the electrons to leave the cathode via the tunnelling effect. A FEG may be of a
cold cathode type made of single crystal tungsten or of a thermally assisted ‘Schottky’
type made of single crystal tungsten coated with zirconium oxide. The electron beam
generated by a field emission gun is much brighter and more coherent spatially and
temporally that than generated by the thermionic guns. The different filament types
are schematically shown in Fig 2.5.
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Figure 2.5. Schematic figure of the three main electron emitters [12].

The entire column, including gun, optical system and the sample chamber is under high
vacuum in order to minimise the interaction between the electron beam and air
molecules.

The electron beam accelerated to voltages ranging from a few 10’s of volts to 1 MV
passes through the optical column comprising a series of electromagnetic lenses and
apertures in order to be focused on a very small spot on the specimen’s surface. The
electron-matter interaction is the source of all the information obtainable from an
electron microscope and therefore, a basic understanding of the electron-matter
interaction is essential.
Two major scattering events may happen when a focused electron beam hits a surface
[13]: elastic and inelastic scattering. Elastic scattering can be expressed as a process in
which only the electron’s direction changes and no detectable energy loss occurs (i.e.
backscattered, transmitted and diffracted electrons), whereas in inelastic scattering
processes, both direction and energy of an electron may change (i.e. secondary electrons
(SE), X-ray and all other signals). Both scattering types are the result of Coulombic
interaction between the electrons of the electron beam and the atoms of the sample. A
summary of electron-matter interaction events is shown in Fig 2.6.
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Figure 2.6. Summary of electron/sample interactions.

The electron beam characteristics such as wavelength and probe diameter are function
of the acceleration voltage. Higher voltages generate an electron beam with lower
wavelengths and smaller diameter. For instance, for acceleration voltages of 1, 5, 10
and 200 kV, the beam wavelengths are around 40, 17.3, 12.3 and 2.51 pm, respectively.
Practically, these values may vary slightly due to practical conditions, such as filament
type and electron-optic configuration. Not considering the instrumental limitations,
beam energy, probe size, aperture sizes, vacuum level and the nature of the sample are
the key parameters determining the resolution limit of an EM.
EMs are commonly classified in two main groups: transmission and scanning electron
microscopes. Transmission electron microscopes (TEM) are conceptually similar to

65 | P a g e
transmission light microscopes. However, scanning electron microscopes (SEM) use
elastically backscattered or secondary electrons emitted from the surface of the
specimen to form the image outside the microscope on a monitor display. An
illustrative figure and a comparison of light microscope, SEM and TEM is given in Fig
2.7and Table 2.3, respectively.

Figure 2.7. Light microscope vs SEM and TEM. Adapted from [14]
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Table 2.3. Comparison summary between light, scanning and transmission electron
microscopes.

Light Microscope

Imaging Source
Wavelength
Resolution
Specimen type

2.4.1.1

Photons
450-750 nm
200 nm
Living/Dead

Scanning
Electron
Microscope (SEM)

Transmission
Electron
Microscope (TEM)

Electrons
Sub Å
~1-10 nm
Solid
Conductive
Vacuum Compatible
<25 mm diameter

Electrons
Sub Å
Sub Å
Solid
Vacuum Compatible
3mm diameter
<200 nm thick

Scanning Electron Microscopy (SEM)

SEM uses a focused electron beam scanned across the surface of the specimen in a
raster style using pairs of scanning coils. A large depth of field enables SEMs to generate
a somewhat 3D-like image of the sample surface. SEM’s may use all sorts of secondary,
backscattered (BSE) and diffracted electrons to generate a wide range of information
from the sample. Beam energy is usually between a few 10’s of volts in the most
advanced instruments to ~40 kV.
The depth of penetration of the electrons is a function of the beam energy and the
material properties (normally between ~1 to ~5 µm). High energy beams (≥ 15 kV)
penetrate the sample significantly more than low energy beams (see Fig 2.9).
Therefore, lower energy beams (lower than 10 kV) are more surface sensitive.
Although it seems that the low energy beams are more suitable for high resolution
imaging, lower signal to noise ratio (S/N),

larger probe size and instrumental

limitations such as stronger chromatic aberration components of the electromagnetic
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lenses are the key issues that act against obtaining high resolution images. Therefore,
all of the mentioned parameters must be taken into account to obtain the highest
resolution possible from a particular combination of instrument and sample.

The beam energy affects all the range of data obtainable from a SEM, as each particular
type of signal (e.g. SE, BSE, X-ray, etc.) comes from a certain depth of the sample, which
is determined by the total penetration depth of the electrons. Figs 2.8 and 2.9 illustrate
the approximate depth of each signal.

Figure 2.8. Specimen-electron beam interaction volume.

Figure 2.9. Effect of electron beam energy and the specimen’s atomic number on the
interaction volume.
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To detect any of the various signals resulting from electron-sample interaction, a
particular detector is required. Almost all SEMs are equipped with secondary electron
(SE) and backscattered electron (BSE) detectors. Secondary electrons are inelastically
scattered electrons from very close to the surface of specimen (the scattering depth is
a little larger than the beam diameter). The SEs are low-energy electrons freed from korbital of the near surface atoms with energy less than 50 eV. They can be detected by
scintillator type detectors, such as Everhart-Thornley (E-T) detectors. The SE detectors
collect the SEs using a positively biased electrode and generate photons using a
scintillator. The generated photons are amplified and digitised to form the final image.
In contrast, BSEs are much more energetic than SEs (the BSE energy is comparable to
the incident beam energy) and their intensity is directly proportional to the atomic
number of the specimen’s atoms, generating Z contrast. These electrons are usually
detected by solid-state detectors. Optionally, SEMs can be equipped with other
detectors such as electron backscatter diffraction (EBSD) used to determine the
crystalline structure and orientation of materials and energy dispersive X-ray (EDS)
used for elemental analysis of the specimen.

A suitable SEM sample for high resolution imaging must satisfy two main requirements: it
should be surface conductive to prevent charge accumulation on the surface and should
be completely free from any volatile substances such as solvents or water. In normal SEM
imaging, non-conductive materials must be coated with an ultra-thin layer (i.e. ~ 1-3 nm)
of a conductive material such as platinum, gold, carbon or, in exceptional cases, with other
metals such as chromium. Very fine surface textures may be obscured by coating and
hence, it is preferable to avoid coating, if possible.
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Two categories of samples were imaged by SEM in this study: PSi and PSi coated with
gold, silver and both. In all cases, PSi was the main component of the specimen. In
general, nanostructured semiconductors are regarded as difficult samples for SE
imaging as they are not conductive enough to avoid surface charging. One way to avoid
coating and minimise the surface charging is to use a low energy beam (≤ 10 kV in the
case of semiconductors).

As mentioned, a low energy beam has a smaller interaction volume leading to a more
surface sensitive result. However, a low energy beam often produces a low signal to noise
ratio (S/N) resulting in poor image quality. S/N ratio may be enhanced to some extent by
optimising parameters such as aperture size, probe current (spot size). A 5 kV beam and a
probe current of ~ 10 pA were used to image the uncoated PSi samples in this study.
However, to image the SERS substrates (Ag or Au coated PSi), we were able to use higher
energy beams, as they are conductive.

Scanning electron microscopy was performed using a JEOL JSM-7001F SEM with a
Schottky field emission gun (S-FEG) and is equipped with some imaging and analytical
detectors such as a conventional E-T SE detector, a retractable solid-state BSE detector
and Oxford Silicon Drift type EDS (Fig 2.10).
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Figure 2.10. JEOL JSM-7001F SEM located at MCEM.

2.4.1.2

Transmission Electron Microscopy (TEM)

For a long time, obtaining a sub-micron resolution image was regarded as impossible.
The reason was simply due to the fact that the resolution was limited by the visible
light wavelength (~500 nm). Although using ultra-violet (UV) sources doubled the
ultimate resolution, yet it was far from reality for recording an atomic resolution image
with photons. This seemingly impossible task was resolved by De Broglie's waveparticle duality hypothesis published in 1927 when scientists realised that electrons
could be regarded as a wave that can be tuned to sub-angstrom wavelengths, thus
theoretically producing a radiation capable of sub-atomic scale resolution (Fig 2.11)
[15].
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Figure 2.11. Louis de Broglie, French physicist and a Nobel laureate in 1929 [38, 39].

The initial idea of the electron microscope was developed and patented in 1931 by Leo
Szilard, a Hungarian physicist, who never found a chance to construct it. At almost the
same time, Ernst Ruska (Fig 2.12a), a German physicist, demonstrated the first
magnetic lens with the ability to focus electrons and just after two years, he
successfully built the first Transmission Electron Microscope (TEM). The first
commercial TEM (Fig 2.12b) was built in 1933 by Ruska for Siemens (Germany). Ruska
was belatedly awarded by the Nobel Prize in physics in 1986 for his achievements in
electron optics.
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Figure 2.12. (a) (a) Ernst August Friedrich Ruska (25 December 1906 – 27 May

1988) [18], (b) the first commercial TEM designed by Ruska and manufactured
in Siemens [19].

TEM uses a highly energetic electron beam, which passes through a specimen to
generate information including a projection of the specimen’s structure, diffraction
pattern, characteristic x-rays and much more. The electron beam is significantly more
energetic than that of an SEM, allowing the electrons to pass through a sufficiently thin
sample. In common with the SEM, electron-matter interaction is the source for the wide
range of obtainable information from a TEM. The beam energy may vary from less than
100 kV to more than 1 MV; 200 kV is the most common.
As shown in Fig 2.7, TEM in some regards resembles the light microscope: the electron
beam plays the role of visible light and electromagnetic lenses replace the glass lenses.
As mentioned, a high vacuum throughout the optical system is pivotal to reducing the

73 | P a g e
electron-air interaction. The image is focused, magnified and projected onto an imaging
system, such as a CCD camera, a fluorescent screen or film. TEM has a large number of
unique advantages over other characterisation techniques, such as potentially
producing images with sub-angstrom resolution, generating a direct image of the
crystalline structure containing information about defects, crystal phase distribution,
lattice spacing and crystallite size.

All this information is not achievable without an electron transparent sample. The
correct sample thickness is a function of parameters such as the beam energy, material
properties and the specific TEM technique. Materials of small dimensions such as nanoscaled powders may be easily prepared for TEM imaging. Nano-powders should be
deagglomerated by dispersing and sonicating a small amount of the powder in a
non-reactive solvent. A few droplets of the dispersed material should be dropped
onto a specific TEM grid (Fig 2.13) (i.e. “holey carbon” grid) to be dried prior to
imaging. In contrast, preparing the TEM samples from bulk materials or thin films
can be very complex and challenging. Nevertheless, the most challenging part of the
TEM imaging is the data interpretation.

Figure 2.13. A copper grid coated by a holey carbon layer.
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TEM includes a great variety of different imaging and diffraction techniques such as
bright field (BF), dark field (DF), HRTEM, selected area diffraction (SAD) and others.
Each technique may use a certain configuration of the electron optics plus one or more
parts of the electron beam after interaction with the specimen.

Selected area diffraction (SAD) and HRTEM were the techniques used in this study to
investigate the microstructure of various PSi layers, gold and silver nanoparticles.

A diffraction pattern (DP) corresponds to the angular distribution of the scattered
electrons. According to Bragg’s Law, the scattering angle for all the parallel incident
electrons scattering from a certain set of lattice plans will be identical. Such electrons
can be collected with an electromagnetic lens and form an array of bright spots.
Therefore a DP consists of sharp and bright spots representing certain crystal planes.
Using an aperture in the objective lens image plane we can select the scattered
electrons from a selected region of the specimen, to form a SAD pattern. SAD pattern
can be used to characterise the crystalline characteristics of a sample. In the case of
polycrystalline samples, a “powder diffraction pattern” is formed analogous to that
generated by the powder x-ray diffraction technique. In comparison with powder
diffraction, SAD could be a faster technique (depending on the sample preparation
requirements) that can be recorded in association with a TEM image. It can be acquired
from a highly localised area (≤ 1 µm2). However, compared with powder XRD, it suffers
somewhat from relatively poor measurement accuracy.
HRTEM imaging requires as many different electron beams as possible because it relies
on the interference of those beams to potentially provide atomic resolution images of
the crystalline structure of a specimen. HRTEM and SAD are very powerful techniques
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for characterisation of nanostructured materials, crystalline defects and atomic
structure. The schematic process of TEM image and DP formation is shown in Fig 2.14.

Figure 2.14. Ray path for image and DP formation adapted from [15].

TEM imaging and diffraction were carried out using a JEOL JEM 2011 microscope
equipped with a LaB6 gun and operating at 200 kV. The electron optics configuration
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of this TEM is able to generate an image with a point resolution of approximately 2.3 Å.
The TEM is also equipped with a CCD camera for image recording (Fig 2.15).

HRTEM was used in this study to image the crystalline structure of Si, Au and Ag
particles.

Figure 2.15. JEOL JEM 2011 microscope located at MCEM.
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2.4.1.3

TEM Sample Preparation

As mentioned earlier, the characterisation of materials with TEM requires a specimen
thin enough to let the electron beam pass through. To obtain interpretable TEM images,
the specimen thickness should not be more than ~100 nm or slightly more in the case
of porous materials, such as PSi. Methods such as twin-jet electrolyte/chemical
thinning, ion milling, ultramicrotomy, tripod polishing and focused ion beam (FIB),
have been widely used to prepare electron transparent samples.

Three main methods were evaluated in this study to find the best method to prepare
TEM samples from PSi samples. However, the other samples including gold and silver
nanoparticles were prepared simply by removing the deposited metal structures from
their substrates (macro-PSi) using an ultrasonic bath. We used ethanol as the
dispersant in sonication bath. A few droplets of the dispersed metal nanoparticles were
loaded onto the holey carbon grids (Fig 2.13) and were kept in ambient condition to be
dried prior to the TEM.

To prepare the TEM samples from PSi, we began with ultramicrotomy to produce
ultrathin slices of ~20 to ~100 nm thickness using a diamond knife, operating under
an optical microscope (Fig 2.16).
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Figure 2.16. (a) Schematic description of ultramicrotomy set up, (b) microtome knife.

To prevent PSi from tearing apart while being cut, it was infiltrated and embedded in a
hard resin prior to the ultramicrotomy process. The main drawback of this technique
was the difficulties in achieving an electron transparent sample from PSi without
tearing and crushing the thin sections. It is also very expensive due to the extent of the
damages to the diamond knife while cutting the PSi layers.

Then we used the sandwich technique followed by dimple grinding and Ar+ ion milling.
This technique is a standard technique for cross sectional imaging. In this technique, a
few PSi layers were glued using a resin to make a sandwich. Then the sandwich was
cut to a small circle (~ 3 mm diameter) to be fitted into an ion milling grid. Dimple
grinding was used as an intermediate technique to thin the section and lower the
preparation time. This method is basically mechanical grinding of the centre of the
sample from both sides to form a concave region with a few microns thickness. This
step was followed by a final thinning of the specimen by Ar+ milling equipment (Fig
2.17). Ar+ ion milling was carried out at two different ion beam energies: 5 kV beam
and then finishing by using 2 kV ion beam. This technique was not successful because
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of the comprehensive amorphisation of the sample caused by either mechanical
grinding or the ion milling process.

Figure 2.17. Gatan precision ion polishing system used in this study.

Finally, focused ion beam (FIB) was successfully used to prepare TEM samples from
PSi layers. FIB is an instrument very similar to SEM that instead of using electrons uses
an energetic Ga+ ion beam to image, ablate, analyse, pattern and deposit materials. It
was initially developed to work in the semiconductor industry. However, its
applications have increased rapidly. Now, it has become an extremely fast growing field
in materials and biological sciences. A FIB is mostly incorporated with an electron
beam (so called “dual-beam” instrument) to enable both imaging and surface
treatment.
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Size, mass and electrical charge difference between ions and electrons make the ion-solid
interaction significantly different to that of electrons. However they have general
similarities. Due to their large size, Ga+ ions are unable to penetrate deep into the sample.
Nevertheless they can alter the surface atoms due to their large mass and hence kinetic
energy. Ions can be scattered elastically and form secondary ions as well as sputter the
specimen’s atoms in atomic and ionic forms. Similarly, phonons, plasmons and secondary
electrons might be produced as a result of inelastic interaction. Both secondary ions and
electrons can be used to create a topographic image of the sample surface. A schematic
diagram of a dual beam (ion and electron) system is shown in Fig 2.18. As shown, the ion
beam column is very similar to that of SEM. A gas injection system (GIS) can be used for
metal deposition or for enhanced and selective etching.

Figure 2.18. A dual beam system consisting of a SEM and an ion beam microscope

[20].
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A FEI Quanta 3D FEG focused ion beam microscope (Fig 2.19), operating at 15, 5 and
2kV was used to prepare the thin sections. The TEM specimen lift out procedure was
started with deposition of a Pt strip (~1 µm thickness and width and the length equal
to the specimen’s length) on the surface of the sample (PSi), using a gas injection
system (GIS). This coating is to protect the surface of the specimen from the later ion
millings. Then both sides of the Pt coated region were removed to the required depth
proportional to the specimen height. This step leaves a section with ~1 µm thickness
and dimensions close to that of the desired specimen. Now the section was ready to be
cut from the substrate. To remove and maintain the section, it was cut and connected
(soldered) to a Pt needle controlled by a micromanipulator. Then the section was
attached to a grid for final thinning. The milling process was done in two steps: initial
thinning with a 5kV ion beam and finishing with a 2kV ion beam to remove the
damaged parts of the surface of the specimen. The whole lift out process is illustrated
in Fig 2.20.
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Figure 2.19. (a) The body and (b) the chamber view of FEI Quanta 3D FEG focused ion
beam milling microscope located at MCEM.
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Figure 2.20. Lift out process to prepare a TEM sample by FIB technique.
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2.4.2 Raman Spectroscopy
As illustrated in Fig 2.21 , a Raman spectrometer system comprises several essential
components: a laser source which may be selected from a wide range of wavelengths
from deep UV to near IR, a notch or edge filter for Rayleigh rejection (selection of the
filters may depend on the type of experiment), a slit to define the spectral resolution
and a grating or interferometer to disperse the light based on wavelength and
illuminate the CCD detector for the generation of a signal proportional to the intensity
of any frequency.

2.4.2.1

Experimental Details

Micro-Raman spectroscopy was used in this study for three major purposes: (a) to
investigate the crystalline properties of PSi samples (i.e. crystallinity, crystallite
size); (b) to study the thermal effects of the laser illumination on PSi; and (c) to
investigate the dangling chemical bonds at the surface of PSi. All Raman spectra were
obtained using a Renishaw RM 2000 confocal micro-Raman System (Fig 2.21b) coupled
to a Coherent InnovaTM Ar+ ion laser (514 nm or 413nm) and a Peltier cooled CCD
detector. The system is equipped with a 2400 lines/mm grating for both laser lines. An
edge filter was used for Rayleigh and anti-Stokes rejection when we used the 514 nm
laser to study the microstructure and the dangling bonds at the surface of PSi. On the
other hand, to study the thermal reaction of the material under laser illumination a
notch filter was used in conjunction with the 413 nm laser to reject only the Rayleigh
light and allow simultaneous collection of both Stokes and anti-Stokes lines. The Raman
spectra were recorded for 10 s and using various laser probe irradiances. The laser
irradiance was measured at the position of the sample using a portable radiometer
positioned between the objective lens and the microscope stage. Sampling was carried
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out using a Leica (50x, NA=0.75) optical microscope which produces a focused laser
spot of about 1 µm2. The first-order scattering band of single crystalline silicon (@ 520
cm-1) was used for the calibration of the system prior to each series of experiment.

Figure 2.21. (a) Schematic illustration and (b) photograph of a Renishaw 2000 microRaman spectroscopy set up located at School of Chemistry, Monash University.
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2.4.3 Surface Enhanced Raman Spectroscopy (SERS) measurements
The SERS experiments were done using crystal violet dye (CV) as the probe molecule,
throughout this study. CV was selected because of its distinct Raman features and its
ability to form a self-assembled monolayer on gold particles without any further
chemical modification. To examine each substrate, several solutions with dye
concentrations ranging from 10-6 to 10-12 M were prepared in ethanol. The SERS
samples were prepared by placing a 20 µl droplet on each substrate and then
evaporated in air overnight. Given the maximum absorption of CV (λ = 590 nm) and in
order to maximise the Raman signal enhancement, a 633 nm HeNe laser was used to
record the SERS spectra of the CV molecules.

The SERS spectra were obtained using the same system described in section 2.4.2.1
coupled to a HeNe laser (633 nm). A 1200 lines/mm grating, a motorized xyz stage for
mapping and an edge filter was used for Rayleigh scattering rejection. Slit opening and
slit beam centre size were selected at 65 μm and 1917 μm, respectively, and the
exposure time was fixed at 10 sec. The laser irradiation used for all the samplings was
0.6 mW.μm2. To evaluate the uniformity of the substrates, point, line and area mapping
were used.
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Abstract
The morphology and crystalline structure of meso-porous silicon fabricated on p+-type
silicon were studied extensively by scanning electron microscopy (SEM), transmission
electron microscopy (TEM) and micro-Raman spectroscopy. The possible meso-PSi
layers were classified according to three distinct morphological regimes, where each
regime corresponds to similar microstructural, physical and chemical properties. It is
suggested that the classical view on the crystalline characteristics of the meso-PSi is far
from reality and that the estimation of the crystallite size of the meso-PSi layers by
means of the phonon confinement model is often erroneous. Our results also clearly
show that the type and population of the silicon hydride bonds on PSi layers is a
function of pore morphology.

92 | P a g e

3.1

Introduction

Electrochemical anodization of single crystalline silicon in presence of HF can produce an
extraordinarily wide range of microstructures and pore morphologies covering macro
(more than 50 nm to a few microns), meso (between 2 to 50 nm) and micro pore sizes
(less than 2 nm) with diverse morphologies [1-7]. The key parameters influencing the
electrochemical reaction between the silicon electrode and HF-based electrolyte are
dopant type and density of the silicon substrate, applied current density and the etchant
composition/concentration. Despite more than two decades of investigation into the
microstructure of porous silicon (PSi) there is still no clear explanation to account for the
extremely rich and complex nature of this electrochemical reaction. Numerous models and
mechanisms have been proposed [3, 7-16]. Nevertheless, each one explains the formation
of only a certain range of pore morphologies and sizes. The diversity of the controlling
parameters and their effects on the microstructure of PSi is a possible reason for the
prevalent lack of clarity. In addition, most of the fundamental studies on the formation
mechanism and pore morphology of PSi layers were done in the 1990s. The inability of
scanning electron microscopes to image with low energy beams (i.e. lower than 10 kV)
until recently was another hindrance towards a better understanding of those issues.

Among the different available PSi structures, meso-PSi is the most irregular. However,
it is also a commonly used structure, suitable for many applications. Meso-PSi can
provide a large range of pore morphologies and size distributions and is regarded as
the most applicable form of PSi due to its highly tuneable structural, optical, and
chemical properties [17-26]. Therefore, there has been substantially more research on
this type of PSi than all the others [27-35]. However, it is worth noting that most of the
studies have focused on the potential applications of this layer. Among the different
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ways of obtaining meso-PSi, anodization of heavily doped p-Si is the most popular, as
there is no need for illumination to generate holes or metallic coating to make ohmic
contact between the silicon and the power supply. However, finding an optimized
condition to form the best layer for an application is often challenging.

In this study we investigated the detailed microstructures of PSi fabricated on heavily
doped p-Si and classified them into sub-groups which have similar morphological,
crystalline and chemical characteristics. It has also become common practice to use
Raman spectroscopy for evaluation of both the chemical and crystalline properties of
nanomaterials, particularly semiconductor nanostructures [36-44]. Micro-Raman
spectroscopy has been used to estimate the crystallite size using the so-called phonon
confinement model [36,37]. This model has been adopted on assumptions such as
isotropic crystallite size and shape. Furthermore, the model implements a confinement
function which may be chosen from a list of available functions. The reliability of using
this model for a structure like meso-PSi was investigated by comparing the
experimental data with the calculated values. Furthermore, we examined the need for
critical optimization of the laser power in order to obtain reliable and reproducible
Raman spectra for PSi samples [45]. Our results should enable easier selection of mesoPSi for a particular application without the need for further fabrication,
characterization and optimization.
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3.2

Experimental Details

3.2.1 Porous Silicon Fabrication
Porous silicon layers were fabricated by electrochemical anodization under
galvanostatic conditions in laboratory light and at room temperature. Ethanoic HF
solution was used as the electrolyte with HF concentrations of 14.5 ( 1:1 Vol) and
5.8 M (1:5 Vol). All chemicals used in this study were of analytical grade supplied
by Merck Pty. Ltd., Australia and Sigma-Aldrich. Various current densities (J = 1 to
J PSi = 500 mA/cm -2 (the current density below which PSi forms)) were used to
form layers with different porosities and pore size distributions. The silicon used
in this study was sourced from (100) ultra-heavily boron-doped single crystalline
wafers with a resistivity of 0.003-0.007 Ω.cm. Silicon wafers were diced to 1.2×1.2
cm2 segments and then sonicated in 1:1 acetone and ethanol solution for 10
minutes before rinsing thoroughly with DI water. The segments were then
immersed in a 1M HF solution for 1 minute to remove native oxide layer and
immediately subjected to anodization. The electrochemical etching reaction was
carried out in a cylindrical single-tank cell using a Pt wire as the cathode and a
copper plate to make ohmic contact between the silicon anode and the power
source. The thicknesses and growth rates were measured by using SEM images.

3.2.2 Electron Microscopy
SEM images were recorded on a JEOL JSM-7001F field emission-gun SEM using a low
energy electron beam (5 kV) to avoid the need for coating the sample with a conductive
material. High-resolution transmission electron microscopy (HRTEM) was carried out
using a JEOL JEM 2011 microscope with a point resolution of 0.23 nm and equipped with
a Gatan 894 UltraScan 1000 CCD camera. The TEM samples were prepared via an ex-situ
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lift-out technique using a FEI Quanta 3D FEG focused ion beam milling microscope. The
final thinning steps were done by using a low energy (5 kV) ion beam and subsequent
finishing by using a lower energy (2kV) ion beam to remove the structural damage.

3.2.3 Raman Spectroscopy
The Raman spectra were obtained using a Renishaw RM 2000 confocal micro-Raman
system coupled with a Coherent Innova Ar+ ion laser (λ=514 nm) and Peltier cooled CCD
detector. Laser power was kept low (0.37 mW) to avoid local heating of the samples during
illumination. The system is equipped with a 2400 lines/mm grating and a motorized xyzstage for mapping, fitted with an edge filter for Rayleigh scattering. Slit opening and slit
beam centre size were selected at 65 µm and 1917 µm, respectively and the exposure time
was fixed at 10 sec. Sampling was carried out using a Leica (50x, NA=0.75) optical
microscope with video imaging. The spectra were collected at the same polarization for all
the samples. Polarisation of the incident light was parallel to the PSi surface.
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3.3

Results and Discussion

No long time dependence was observed at the beginning of the electrochemical
anodization, as all the silicon wafers used in this work were chosen from the heavily
doped p-Si. However, a monotonous increase in potential was recorded at each applied
constant current density and this effect was more pronounced for samples prepared at
200 mA/cm2 or higher. An intense and fast-changing photoluminescence (PL) was
observed in the first few seconds (faster PL change at higher current densities).
However, the PL became weak and blueshifted after etching. As all the parameters (i.e.
substrate, etchant, etching time, illumination and temperature) were kept constant, the
current density was the only decisive parameter which dictated the observed pore size,
porosity, growth rate and morphology.

The colours of the layers fabricated at higher current density varied from brown to red,
whereas they were blue to green at lower current densities. A noticeable redshift in PSi
colour was observed after keeping the samples for a few weeks under ambient
conditions, but the intensity did not change much.

Fig 3.1 shows the SEM micrographs recorded from the surface of the PSi samples
fabricated at different current densities. An increase in pore diameter along with a
change from circular to random shaped pores was observed as the current density
increases. Also, an initial increase in the population of the pores was observed when
the applied current density was increased to 250 mA.cm-2 but the pore population
decreased at higher current densities. It seems that adjacent pores join together at high
current density range to form random shapes and large pores. Fig 3.2 shows the pore

97 | P a g e
morphology transformation in three selected PSi formed at three different current
densities.

It was also observed that prolonging the etching time resulted in “etch stop”, which
leads to mechanical failure and detachment of the porous layer. As porosity and growth
rate increase simultaneously with current density, the layer was prone to collapse due
to mechanical failure. This is a dominant effect for prolonged etching at current
densities close to the electropolishing region (above 400 mA/cm2). At very high
current densities (more than 500 mA/cm2) a yellowish fibrous powder consisting of
highly amorphous PSi, which was not stable and sometimes collectable was produced,
if etching time exceeded a threshold (e.g. 1 min for J=500 mA/cm2). This product has
been reported as yellow silicon fibre [46] but this requires reconsideration in light of
available information, as the so-called fibres are only broken PSi structure with very
large pores (> ~ 100 nm)

Figure 3.1. Top view SEM micrographs of meso-PSi fabricated on p+-type Si wafer at
different current densities (J in mA.cm-2). (a,b) circular and small pores, (f-h) random
shaped and large pores and (c-e) larger pore population with a mixture of round and
random shape pores. (The etching time was kept constant at 30 sec).
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Figure 3.2. Top view SEM micrographs from three selected PSi with distinct pore
morphology. Davg : average pore diameter; etching time was kept constant at 30 sec.

Due to the branched nature of the pore morphology in meso-PSi, the morphological
differences between different layers are more noticeable in a cross section view of the
porous layers. Samples were cleaved along the (010) plane and viewed in the SEM as shown
in Fig 3.3. A progressive and continuous transformation from small and highly branched to
large and cylindrical pores was observed as a function of current density. According to the
images two major morphological transformations are evident: from very branched and
small pores at lower current densities to less branched and larger pores and then to very
large and smooth cylindrical pores at the high current density range. Accordingly, three
significantly different morphological classes are definable: Type I: small branched pores
which form at current densities less than 100 mA/cm2 (Fig 3.3 a,b), Type II: semi-branched
and larger pores formed at current densities ranging from 100 to 300 mA/cm2 (Fig 3.3 c-e)
and Type III: large cylindrical pores formed at current densities ranging from 300 mA/cm2
to the electropolishing current density (e.g. about 550 mA/cm2 under the applied condition
of this work) (Fig 3.3 f-h). The pore size of the last group exceeds the meso-pore size range
and may be classified as macro-pores. This large difference does not occur suddenly but
rather it happens via a transitional morphology in which wall branches start to dissolve
(see Fig 3.3 c-e). This transition happens in a wide current density range from more
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than 100 to almost 300 mA/cm2. Perhaps we can call this transitional morphology semibranched (pores with partially dissolved wall branches). Each pore size range can be
translated into a certain porosity range, as well as similar physical/chemical properties.
In other words, three distinct classes of porous structures can be identified, in which
each class exhibits fairly similar physical and chemical properties. This information is
summarized in Table 3.1. A large number of samples (~ 150 samples) were fabricated
and characterized to generate the information of Table 3.1.

Figure 3.3. Cross sectional SEM micrographs of PSi layers fabricated on p+ type Si wafer
at different current densities. (a-c) fully branched pores, (d, e) transitional, quasibranched pores and (f-h) smooth and cylindrical pores (davg : average pore diameter;
etching time was kept constant at 30 sec).

The porosity of the samples was measured by gravimetric method [47]. Porosity of the
PSi layers starts from 40-50% at low current density (i.e. 30-100 mA/cm2), reaches
around 70% in mid-range current density (between 100 and 300 mA/cm2) and
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exceeds 90% at high current density range (more than 300 mA/cm2). The pore growth
rate is also extremely high at current densities higher than 350 mA/cm2 and causes
mechanical failure, hindering the formation of thick layers with high porosity. A
possible rectification of this problem will be discussed later.

Table 3.1. Pore diameter range (d), wall thickness range (t) and porosity of the mesoPSi layers for the three classes of applied current density.

Current density (J/mA.cm2)

d (nm)

t (nm)

Porosity (%)

Type I

Less than 100

15-25

12-18

40-50

Type II

100 to 300

30-70

15-18

60-70

Type III

higher than 300

30-100

15-18

80-95

The pore size and growth rate suggest that the pore generation undergoes two steps:
oxide formation and subsequent dissolution [11, 48]. Therefore, preferential Htermination is the key factor for altering the dissolution process from isotropic to
anisotropic and also in the formation of the diverse pore morphologies [48-50]. It is
well-known that the H-termination passivates the silicon surfaces against further
dissolution. Among all the silicon crystalline surfaces, the {111} surfaces tend to be
H-terminated very fast and perfectly [48, 49, 51, 52], hence these surfaces are more
resistant to electrochemical dissolution. Nevertheless, the H-termination process is
time-dependant and therefore, as the current density increases, due to increase in the
reaction kinetics, the time for a complete passivation (H-termination) is not sufficient
and therefore surfaces which were completely passive at lower current density range
are not perfectly passive at higher current densities and hence, become vulnerable to
further dissolution. Also, increasing the current density gives enough energy to the
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charge carriers to break such a strong passivation via an avalanche breakdown (local
electrical multiplication inside the solid dielectrics that allows a large current flow)
and contribute to the electrochemical dissolution [5, 53-55]. This phenomenon results
in the dissolution of the pore branches which are mostly directed along the <111>
directions to form smooth pore walls. The general mechanism involved in the
formation of large and cylindrical pores at the highest current density range is very
similar to that of the typical macro-PSi formation (PSi with the pore diameter of ~1
µm). Similarly, the PSi/Si interface at pore tips are faceted along the (111) planes, and
thus confirms the similarities between these and typical macro-PSi, as shown clearly
in the SEM image in Fig 3.4.

Figure 3.4. Cross sectional view of meso-PSi showing the crystalline directions of the
pore branches and pore bottom facets.

It has been reported in the literature that a decrease in the HF content of the electrolyte
results in a lower JPSi, which allows a narrower range of current density to form a
porous layer [56-60]. Therefore, the porous structure becomes very sensitive to any
small change in the current density. To investigate the effects of HF concentration on
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the pore size and morphology, several samples were fabricated by using a lower HF
concentration (5.8 M) and different current densities (Fig 3.5). The three identified
pore morphology regimes are again evident, where the current density limit for porous
silicon formation decreased from 450 mA/cm2 for 14.5 M HF concentration to 25
mA/cm2 for 5.8 M. Three distinct classes of pore morphology were observed and
almost identical to those with high HF content. A lower growth rate was perhaps the
only significant difference between using an electrolyte with low HF content compared
to those with high HF content (Fig 3.6).

Figure 3.5. SEM images showing top and cross sectional views of meso-PSi samples
fabricated in low HF content electrolyte (5.8 M)(etching time was kept constant at 300
sec). Scale bar applies to all the images.
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Figure 3.6. Average growth rate of PSi layers fabricated by electrolytes containing (a)
low and (b) high concentration of HF. Growth rates were measured using cross
sectional SEM images and etching time.

To evaluate the crystalline characteristic of the meso-PSi, a series of Raman scattering
spectra were recorded (Fig 3.7) from the samples fabricated over a current density
range of 30 to 450 mA/cm2. The laser power was carefully optimized to record reliable
and reproducible Raman spectra [45]. The aforementioned three pore regime
classification is clearly observed in the recorded Raman spectra recorded from the
entire range of the samples.

In general, increasing the current density downshifted and broadened the first-order
Raman scattering band located at 520 cm-1. The band tail towards lower frequencies
shifted more than that at higher frequencies, which reduced the peak symmetry. A
negligible (<< 0.5 cm-1) band shift and broadening was also observed in the Raman band
if the current density was within one of the mentioned ranges (i.e. less than 100, between
100 to 300 and more), whereas the band shift/broadening was substantial when changing
between the regimes. An identical trend was observed in samples fabricated in low HF
electrolytes. In other words, the three morphologically similar PSi layers showed identical
Raman spectra and it can be stated that the key morphological features of each sample
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dictate all the crystalline, physical (i.e. porosity, photoluminescence, pore size, etc.) and
chemical properties (i.e. surface terminations).

Figure 3.7. (a) Raman spectra of the three morphology classes of compared to c-Si. The
first-order Raman scattering bands are magnified as inset.

In silicon structures, the first-order Raman scattering band represents scattering of the
optical phonons at the centre of the Brillouin zone (TO(Γ)) with momentum q=0
(according to the selection rule) [36-41]. The reduction in translational symmetry
caused by the size reduction of the crystalline domains, leads to a partial relaxation of
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the selection rule and consequently, the presence of phonons with momenta out of the
Brillouin zone in the Raman scattering process. These phonons have a lower frequency
than those at the centre of the zone. Therefore, a downshift and also broadening will
occur in the first-order Raman band. The observed band shift/broadening in the firstorder Raman scattering band displayed in Fig 3.7 indicates significant reduction in size
of the residual crystallites in the remaining Si structure after electrochemical etching
(PSi). The inset in Fig 3.7 shows the downshift and the broadening of the first-order
Raman band with a normalized intensity scale. In addition to a downshift, the intensity
of the first-order Raman band decreases significantly. This effect can be attributed to
the changes in the pore morphology of PSi samples particularly with increasing current
density. Higher porosity and the existence of an amorphous phase in the samples
fabricated at higher current densities may be responsible for such a reduction in
intensity (discussed later). Table 3.2 provides a summary of shift and broadening of
the first-order scattering band at different current densities. It can be seen that the
peak shift and broadening in the first-order Raman band are considerably larger at
higher current density.

Table 3.2. Information related to band shift/broadening of the first-order Raman band
of meso-PSi layers fabricated at three current density groups.

Type I

Current density
(J: mA/cm2)
J < 100

Peak shift
(cm-1)
2

FWHM
(cm-1)
7

Type II

100 < J < 300

4

9

Type III

J > 300

7

14
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Fig 3.8 shows a HRTEM image obtained from the PSi/Si interface of a sample fabricated
at 100 mA/cm2. As mentioned in the experimental procedures, TEM samples were
prepared using a focused ion beam technique in order to avoid any damage/alteration
to the crystalline structure of the PSi layer and other imaging artefacts which are
common in TEM sample preparation. Significantly, it was observed that the
assumptions such as spherical or cylindrical nanocrystallite shapes which have been
frequently made in the literature to explain the optical properties of the meso-PSi
layers are very far from reality. According to the TEM images, meso-PSi retains its
original crystallinity almost perfectly. The entire porous layer is single crystalline and
therefore, the best measure of crystallite size would be the wall thickness, which is
easily attainable from good high resolution SEM images and clearly of the order of 10
nm.

Further TEM observation verified the preferential crystallographic dissolution of Si by
electrochemical reaction with HF. It is not difficult to find that the preferential
dissolution has left branches in on <111> direction with (111) planes (Fig 3.8 and 3.4).
This shows the similarities between the preferential dissolution in meso-PSi and
macro-PSi, considering that, due to the large density of holes in heavily doped p-Si, the
size of the remaining surfaces is much smaller than in macro-PSi, and increasing
current density increases this size significantly.
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Figure 3.8. HRTEM image of PSi/Si interface in a sample fabricated at J=100 mA.cm-2.
The high degree of crystallinity of PSi is apparent in the [110] lattice fringe image
(inset).

It has been a common trend to use the well-known model developed by Fauchet and
Campbell (phonon confinement model (PCM)) [62] or one of the modified versions
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(Zi model) [63] to estimate the crystallite size of the PSi layers using Raman spectroscopy
data. These models are based on several assumptions such as uniformity of the
crystallite shape and size and use of a confinement function based on crystallite shapes.
It is clear from TEM images that there is no particular shape for the crystallites in mesoPSi and that only one dimensional confinement can exist in the structures. Using the
PCM model, crystallite sizes in the range of 2 to 7 nm are estimated for samples
fabricated with an applied current density of 50 to 450 mA/cm2 which is clearly wrong,
as TEM images indicate a crystallite size in the range of ~5 to 15 nm.

In contrast to the potential errors associated with the use of the Raman line as a
quantitative tool, much more useful and reliable information can be obtained from the
multi-phonon scattering band positions/shapes, if a high degree of caution is exercised.
Information such as amorphous fraction, type and population of the surface chemical
bonds are extractable from multi-phonon scattering bands of the Raman spectra, which
have been mostly neglected in the literature. We start with the degree of amorphization
which is normally obtained by deconvolution of the broadened tail toward lower
frequencies of the main Raman peak to extract another peak around 470-500 cm-1. The
extracted peak is attributed to amorphous silicon (a-Si) [37, 64, 65]. However, if the
amount of a-Si is low, deconvolution of the first-order line would be rather difficult. In such
a condition, a better method might be to use lower frequency, acoustic phonon scattering
bands, as they are highly sensitive to crystalline disorder [37, 65]. Among those, (TA(X))
located at 150 cm-1 (Boson peak) arises exclusively from the presence of a-Si, as it
is forbidden in c-Si [64]. As shown in Fig 3.7, this peak intensified significantly with
increasing current density regardless of electrolyte and thus, confirming the presence of
a-Si in PSi samples fabricated at higher current densities.
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Second-order optical phonon scattering bands located in the frequency range of 900 to
1000 cm-1 are also deformed and redshifted, corresponding also to the reduction of the
crystallite size and degree of crystallinity of PSi formed at high current density.
Redshift of second-order optical scattering is in good agreement with the relaxation of
the selection rule as result of reduction in crystallite dimensions. In addition,
deformation of the trapezoidal shape to bell-shape (peaks from ~900 to ~1100 cm-1)
agrees with the presence of more amorphous phase in PSi layers formed at higher
current densities. The peak shift for the second-order Raman scattering bands are
given in Table 3.3

Table 3.3. Summary of second-order Raman scattering band shifts of PSi samples
fabricated at different current density ranges. Etching time was kept constant at 30
sec.

Current density range
(J:mA/cm2)

LO
(cm-1)

2TO(X)
(cm-1)

2TO(L)
(cm-1)

Type I

J < 100

2

1

2

Type II

100 < J < 300

4

3

6

Type III

J > 300

7

6

10

The frequency regions between 550 to 900 cm-1 and above 1100 cm-1 contain
scattering events attributed to overtones of acoustic and optical phonons (admixed
phonon scattering). In the admixed phonon scattering region of the Raman spectrum
of PSi, six significant scattering events are visible: bands close to 625, 820, 1100, 2086,
2110 and 2136 cm-1. It has been verified that the silicon hydride bonds have the
greatest contribution in these bands [66]. Among these, three bands located at 2086,
2110 and 2136 cm-1 are assigned to SiSi3H, Si2SiH2 and Si3SiH3 bonds at the surface of
PSi, respectively. The presence of these bands in different morphological classes is
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shown Fig 3.9. It is shown that the first peak at 2086 cm-1 assigned to Si3SiH bond
disappears in samples with cylindrical pores, implying a correlation between the type
of hydride bond to the pore wall morphology and roughness. As outlined above,
increasing current density causes pore wall smoothening, and loss of pore wall
roughness. Therefore, available sites for SiSi3H bonds become scarcer and hence the
peak related to these bonds (2086 cm-1) must lose its sharpness, as clearly verified by
the Raman spectra. This observation verifies the geometry dependence of the surface
hydrogen bonds and may be of interest in surface functionalization. Similarly, Fig 3.9
shows that the other bands in the admixed phonon region correspond to the pore
morphological transformations. The bands located at 625, 820, 1100 cm-1 lose their
intensity with increasing current density.

Figure 3.9. Admixed Raman scattering bands of PSi samples fabricated at different
current densities.
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3.3.1 Effects of Etching time
The use of a long etching time at constant current density can generate all three classes
of morphology in one sample. A few samples were fabricated at constant current
density but with different times. At long etching times, the three pore regimes were
formed simultaneously along the etch direction. Fig 3.10 and 3.11 show this effect for a
sample fabricated at J=100 mA/cm2 and two etching times (e.g. 120 and 3600 seconds,
respectively). Despite the uniformity of the sample fabricated in 120 sec, the pore shape
changes significantly as a result of reduction in HF concentration at the etch front. The
pores start to grow in a highly branched form with a small size and gradually transform
to the larger quasi-branched pores and ultimately to macro-pores with smooth
cylindrical shape. At long etching times, the etch stop mechanism ends the etching
reaction which induces an etching time limit into the PSi fabrication process. This limit
depends on the applied current density and HF content of the electrolyte. Increasing
the current density or reducing HF concentration results in a shorter time limit. For
example at lower current densities (less than 100 mA/cm2), the etching duration can
be extended to more than several hours to obtain very thick layers (> 500 µm), whereas
prolonging the etching time for current densities higher than 300 mA/cm2 (in 14.5 M
HF) is not practical as etch stop occurs within one minute.
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Figure 3.10. Cross-sectional view of the PSi sample fabricated at J=100 mA/cm2 and
t=120 sec showing identical pore morphology and size at different depths.

To obtain a better visualization of the pore morphology, the sample fabricated at J=100
mA/cm2 and t=3600 sec was cut with an oblique angle with regard to the pore length
(<110> direction) in order to expose the interior pore sections (Fig 3.11 (a’-d’)). The
same sample was also cut at vertical angle for observing the lateral pore
morphology Fig 3.11 (a to d). The top inset in Fig 3.11 illustrates the way the sample
was cut to expose the top view of the interior parts of the samples. Top view SEM
images shown in Fig 3.11 (a’ to d’) were recorded at different depths and the pores size
and the resulting morphology appeared to be significantly different in the interior
layers compared to their view at the external top surface (Fig 3.1 and 3.2). The three
mentioned morphological classes are more pronounced in this view. The pore
morphology transformation starts by partial dissolution of the pore branches. A
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further increase in current density results in dissolution of the thin pore walls which
would result in the formation of macro-pores at the highest current densities range.

Figure 3.11. (a-d)Cross-sectional view and (a’-b’) top view of the pores in different
depth of the PSi sample fabricated at J=100 mA/cm2 and t=3600 sec. The top inset
illustrates the way that the sample was cut prior to SEM imaging.
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Raman spectra of different spots on the profile of the PSi layer follow the same trend
with increasing current density, as noted earlier. The morphological/microstructural
groups are also repeated (Fig 3.12).

Figure 3.12. Cross sectional Raman spectra recorded from different depths of the PSi
layer.

3.3.2 Applications
3.3.2.1

Formation of Thick Layers

Fabrication of thick and highly porous layers has been challenging due the etch stop
mechanism and also mechanical failure, due to the residual stresses in the porous
structure and brittleness of the PSi structure. Such layers may be of interest in
applications such as drug delivery in which PSi can be used in powder form, which may
be made via sonication or jet milling of free-standing PSi layers [67, 68]. Fig 3.13 shows
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a PSi layer with cylindrical pores and porosity of 90%, fabricated at J=300 mA/cm2.
Generating such a layer under normal conditions is impossible as etch stop occurs
under 50 sec. However, a few seconds (~ 5 to 10 sec) etch halt would be enough for
HF to reach the etch front and then etching can be continued and this stop/start can
be repeated indefinitely. Therefore, very thick (> 500 µm) and highly porous (> 90%)
samples with large pore sizes can be produced by this approach.

Figure 3.13. Cross-sectional SEM view of the PSi sample fabricated at J=300 mA/cm2
using etching intervals. The sample was fabricated using cycles of 30 sec etching and 5
sec etch halt.
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3.3.2.2

Formation of Pore Gradient

Another high demand structure is a layer with a controlled pore size and porosity
gradient which can be useful in applications such as antireflection coatings in solar
cells or drug delivery. To obtain all the pore morphologies and their characteristics
simultaneously without using highly complex techniques, etching time should be
prolonged. The drawback of such approach is the possibility of losing control on the
layer thickness, which may be of great importance. Fig 3.14 shows a PSi layer
containing all the variety of pore shapes within a thickness of less than 20 µm, which
can be precisely reduced to any desired thickness. In this sample the current density
was ramped up from 50 to 350 mA/cm-2, giving enough time at each applied current
density, in order to achieve a desired thickness. As shown, the top layer consisted of a
low porosity layer with highly branched pores and then the inner layers with larger
pores and higher porosity and different morphologies covering all three identified
classes.
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Figure 3.14. SEM micrographs of cross-sectional view of PSi layer fabricated by
ramping the current density up from 50 to 350 mA/cm2.
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3.4

Conclusions

SEM, TEM and micro-Raman spectroscopy have been successfully employed to identify
all the possible microstructures achievable by anodization of heavily doped silicon. It
was found that by varying the etching parameters, it is possible to generate PSi layers
which could be classified according to three distinct morphological categories and
surface chemistry. PSi layers within each group show very similar structural, physical
and chemical properties, whereas each group exhibits very different properties. Given
the diverse pore size, morphology and chemical termination within the groups, the
study reveals that it may be relatively straightforward to choose a specific etching
condition to achieve optimized properties for a specific application.
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Abstract
Reversible/irreversible changes in the Raman spectra of mesoporous silicon (mesoPSi) induced by laser heating were investigated. It is shown that while identical Raman
spectra of single crystalline silicon can be obtained at different laser irradiances, these
spectra change significantly in both reversible and irreversible ways in silicon
nanostructures such as porous silicon (PSi). While band shift and broadening in first
and second-order scattering were found reversible, surface phonon scattering events
changed irreversibly. Given the importance of Raman spectroscopy in characterizing the
pivotal role played by surface chemical bonds such as Si-H in the performance of PSi-based
photovoltaics and microelectronics, our study highlights the need for a great care to avoid
Raman laser-induced effects on these bonds.
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4.1

Introduction

Hydrogenated silicon nanostructures are important platforms for applications such as
photovoltaics, microelectronics, microreactors and drug delivery as well as for
fundamental understanding of defect/impurity reactions, dissociations and migrations
in semiconductors [1-6]. In these systems, the formation and destruction of surface
hydride bonds often play a key role in the processing of silicon surfaces for specific
applications. Moreover, Si—Hx bonds are the preferred initial state for the surface
functionalization of silicon, such as for applications involving drug immobilization [5].
Raman and infrared spectroscopy (IR) are regarded as the most common and reliable
methods to quickly and precisely evaluate the identity and amount of Si—Hx bonds [710]. These bonds result in a triplet band at about 2100 cm-1 in both Raman and IR

126 | P a g e
spectra of silicon structures, which is attributed to the stretching mode of silicon
hydride bonds. Among different interpretations of these bands, it is generally accepted to
assign the bands located close to 2080, 2110 and 2140 cm-1 to Si3SiH, Si2SiH2 and SiSiH3,
respectively [2, 10-17]. Unfortunately, local heating of the sample with the Raman laser
while acquiring the spectrum is inevitable [18-21]. In such a case it is possible that
surface hydrogens will be replaced by oxygen [12, 15]. Surface oxide bonds are
undesirable in many applications, for example in photovoltaics and drug delivery
because these bonds cause inter-band recombination that substantially reduces the
photoconversion efficiency [22]. Also, hydrosilylation, which is desirable in drug
immobilization, requires the presence of Si-H bonds [5].
Raman spectroscopy has been employed in industry for the quality control of
photovoltaic devices.

But the use of high laser powers may cause permanent

decomposition of surface hydride bonds and, thus result in misleading assessments of
these devices. Therefore, the Raman laser power should be carefully chosen to avoid
heating. Furthermore, the analysis of Raman spectra for structural determination, such
as crystallite size and residual stress/strains often relies on subtle changes in Raman
band shift and broadening. Several models have been developed to perform such
analyses [23-26], and much controversy remains about the validity of some of these
models applied to nanostructures [11, 19, 25, 27]. It is therefore imperative to correlate
experimental conditions such as Raman laser irradiance with potentially induced
microstructural changes in order to avoid misinterpretation of Raman data for
nanostructured silicon.
The effect of temperature rise on the Raman spectra of c-Si and different types of silicon
nanostructure has been studied extensively [18, 28-33]. Due to diversities in silicon
nanostructures and difficulties in assigning an exact safe value for laser irradiation,
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controversies in reported laser powers used to acquire Raman spectra exist in the
literature [11, 18-20, 34, 35]. Several works have investigated the effects of different
laser wavelengths and powers on the Raman spectra of nanostructured silicon [20, 21,
36]. However, most have focused on temperature estimations rather than elucidating
correlations between laser-induced heat, chemical alterations and potential errors
resulting from the reversible Raman line shifts [20, 34, 36, 37]. Also, to the best of our
knowledge, there is no evidence of a systematic thermal treatment study to confirm the
heat-related observations from laser-induced Raman line shift/broadening.
Finally, the designation of the multi-phonon scattering bands located at frequencies
between 600 to 900 cm-1 and above 1000 cm-1 of the Raman spectra of silicon
nanostructures remains controversial [10, 15, 38], with disagreement as to whether
these bands result from surface oxide or hydride bonds.
The present work involves a systematic study of laser-induced Raman spectrum
changes as a function of laser irradiance, surface chemical modification and thermal
treatments of mesoporous Si. In particular, we demonstrate the existence of both laserinduced reversible and irreversible changes, which will help prevent possible
misidentification of surface bonds or crystalline characteristics of such nanostructured
materials. Our findings also suggest an explanation for multi-phonon scattering bands
in silicon nanostructured materials.

4.2

Experimental Methods

4.2.1 Porous Silicon Fabrication
Hydrogen-terminated mesoporous silicon (meso-PSi) layers were fabricated by
electrochemical anodization under galvanostatic condition. A 1:1 volume mixture of
hydrofluoric acid (HF) and ethanol (EtOH) was used as electrolyte. All the reagents
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used in this study were of analytical grade supplied by Merck Pty. Ltd., Australia. The
meso-PSi sample was fabricated at current density (J) of 100 mA/cm2 and etching
duration of 20 min. The silicon used was a (100) ultra-heavily boron-doped single
crystalline wafer with resistivity range of 0.003-0.007 Ω.cm. Silicon wafers were
segmented to 1.2×1.2 cm2, sonicated in a 1:1 volume mixture of acetone and ethanol
mixture for 10 minutes and thoroughly rinsed with deionized water. The wafers were
then immersed in 1M HF solution for one minute to strip the native oxide layer and
immediately subjected to anodization. The electrochemical etching reaction was
carried out in a cylindrical single tank cell using Pt wire as the cathode and a copper
plate to make ohmic contact between the silicon wafer anode and the power source.
Further details are reported elsewhere [39].

4.2.2 Instrumentation
High-resolution transmission electron microscopy (HRTEM) was carried out using a
JEOL JEM 2011 microscope with point resolution of approximately 2.3 Å and equipped
with a Gatan 894 UltraScan 1000 CCD camera. The TEM samples were prepared using
a FEI Quanta 3D FEG focused ion beam milling microscope operated at 5 kV. A low
energy ion beam (2kV) was used to finish the thinning process in order to remove
structural damage. Scanning electron microscope (SEM) images were recorded on a
JEOL JSM-7001F FEGSEM at 5 kV.
Raman spectra were obtained using a Renishaw RM 2000 confocal micro-Raman
System coupled to a Coherent InnovaTM Ar+ ion laser (514 nm or 413nm) with a Peltier
cooled CCD detector. The system is equipped with a 2400 lines/mm grating. An edge
filter was used for Rayleigh rejection at 514 nm and a notch filter at 413 nm to allow
simultaneous collection of both Stokes and anti-Stokes lines. The Raman spectra were
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recorded for 10 s using three laser probe irradiances at 0.37, 1.85 and 3.7 mW/µm2.
The laser irradiance was measured at the position of the sample using a portable
radiometer positioned between the objective lens and the microscope stage. Sampling
was carried out using a Leica (50x, NA=0.75) optical microscope which produces a
focused laser spot of about 1 µm2.

4.3

Results and Discussion

Fig 4.1 shows the microstructure of a typical meso-PSi sample fabricated, as observed by
the SEM. The sample displays a uniform and spongy structure with branchy pores
developed along the [100] direction of the substrate. The pore size distribution varies
from ~10 to ~35 nm in a tree-like fractal structure, whereas the pore wall thickness
lies in the range of about 8 to 10 nm. Branches grow approximately along the [111]
direction at an angle of about 37° to 40° compared to the main pores. The measured
thickness of the sample was about 80 µm, with 60% porosity as determined by
gravimetry [40].
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Figure 4.1. Scanning electron micrograph of (a) top view and (b) cross section of mesoPSi. Note that the images are at slightly different magnifications.

A HRTEM image of the meso-PSi sample is shown in Fig 4.2. Meso-PSi retains the
original crystallinity of the silicon substrate almost perfectly. However a very thin
amorphous phase located at the pore walls is introduced into the structure by the
electrochemical reaction. It is likely that the amorphization of the pore walls results
from the presence of dangling bonds at the surface, which are mostly hydrogen bonded
forming silicon hydrides. The TEM image reveals that the pore wall thickness, which
represents the minimum crystallite dimension in the meso-PSi, is in the range of about
5 to 20 nm. If we consider the porous network in three dimensions, then meso-PSi
consists of a crystalline network confined only in one dimension normal to the pore
growth direction (i.e. [010] and [001]). The pore size measured in the TEM images is
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comparable with those in SEM images. Lattice fringes of parts of the meso-PSi are
shown in Fig 4.2b.

Figure 4.2. (a) HRTEM graph of the mesoporous structure (cross section view) and
(b) higher magnification HRTEM image of the dotted area displaying the {111}
lattice fringes. The corresponding fast Fourier transform (FFT) is inset in the left hand side of (a).

A Raman spectrum of the sample shown in Fig 4.1 is presented in Fig 4.3. The entire
spectrum resembles the typical spectrum of single crystalline silicon (c-Si) with some
alterations due to microstructural changes occurring during the electrochemical
anodization. The spectrum is intensified compared to pristine c-Si as a result of the
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reduction in crystalline domain sizes and the very large surface area of the meso-PSi [39].
The c-Si first-order Raman scattering band at 520 cm-1 shows a redshift of about 3 cm-1
with an asymmetric tail toward lower frequencies which may be attributed to the
crystalline disorder within the porous layer. On the other hand, the second-order
scattering in the region 900-1000 cm-1, a result of the overtones of the transverse optical
phonons assigned by 2TO(L, X, W), shows a redshift with scattering intensification and
deformation from a trapezoidal to a bell-shaped peak. More importantly, the surface
phonon scattering bands located at 625, 800, 1100, 2086, 2110 and 2136 cm-1[15, 27] and
assigned to the admixed phonon scattering (as shown in Fig 4.3), which are not significant
in the original silicon substrate, are now clearly observable as shown in Fig 4.3. In the case
of PSi, these bands are mostly due to surface chemical bonds [10, 15].

Figure 4.3. Raman spectrum of (1) c-Si and (2) meso-PSi. The commonly used
assignments of the different peaks are shown.
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During the Raman study, a peculiar effect was observed at different laser probe power
levels. Peaks located at different frequency zones were shifted, deformed and in some
cases, disappeared. In order to study this effect, three different laser irradiances: 0.37,
1.85 and 3.7 mW/µm2 were selected to evaluate the effects of laser probe power on the
recorded Raman spectra of nanostructured silicon samples. The laser powers were
carefully selected to avoid any heating effects in bulk c-Si used to calibrate the
instrument. It must be emphasized that these laser irradiance levels are much lower
than typically reported values in the literature [32, 35, 41, 42]. The Raman spectra of
c-Si were recorded at these laser settings. It was verified that, apart from a monotonic
intensification in the first-order scattering band (520 cm-1), there was no observable
change of the c-Si spectra with irradiance (Fig 4.4a). Raman spectra of PSi were then
recorded at the same laser settings, as shown in Fig 4.4b. It is clear that a large redshift,
broadening, deformation and intensification occurs in the one-phonon scattering
spectra of PSi sample at higher laser settings, which clearly did not follow the
corresponding monotonic intensification of c-Si. Moreover, at 3.7 mW / µm2 no
consistency was obtained among the spectra. Many features, such as one and multiphonon scattering bands are more pronounced in the spectra recorded at higher laser
power settings (i.e. bands located at 150, 300 and 430 cm-1). In contrast, some bands,
which are assigned to surface Raman scattering related to the surface chemical bonds
of silicon nanostructures are completely different. The bands around 625, 1100, 2080,
2110 and 2140 cm-1, attributed to surface and multi-phonon scattering processes, have
quite different characteristics at different laser settings. The original shapes and
positions of these bands are shown in Fig 4.3.
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Figure 4.4. Raman spectra acquired at different laser irradiances; (a) c-Si, (b) meso-PSi
at the same intensity scales.

Significantly, there is a large difference in band shifts and deformations in different regions
of the spectrum. The overall band shift of the optical phonon events (i.e. bands in the range
of 900 to 1000 cm-1) is higher than those of acoustic phonons (i.e. bands in the range of
100 to 480 cm-1). The tendency of vibrational dissipation in the acoustic phonons due to
delocalization of the displacement field is the clue to explain this phenomenon [16, 43]. It
is well documented that acoustic phonons are very sensitive to the degree of crystallinity
[44, 45]. The use of high laser power leads to greater effective penetration of the laser
probe and thus, more signal is obtained from the core structure of meso-PSi [11, 46].
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The lowest irradiance was considered safe since further illumination at the same point
did not visibly change the spectra. Increasing the laser irradiance to 1.85 and 3.7
mW/µm2 downshifted the first-order band by more than 9 and 24 cm-1, respectively
and also appreciably broadened the full width at half maximum (FWHM) of the band
for each step increase in laser power. A summary of band shifts is given in Table 4.1.

Table 4.1. Characteristics of the one and multi-phonon scattering bands of a meso-PSi
sample acquired at different laser irradiances (Δω is frequency shift).

Laser
irradiance
(mW/µm2)

TO(Γ)

2TA(X)

2TO(X,L)

Δω

FWHM

Δω

FWHM

Δω

FWHM

(cm-1)

(cm-1)

(cm-1)

(cm-1)

(cm-1)

(cm-1)

0.37

517

8

302

14

960

62

1.85

508

16

298

40

940

69

3.7

494

25

287

60

910

79

Due to poor heat conduction and confinement of thermal phonons within a small
crystalline domain, nanostructured materials such as meso-PSi respond differently to
the Raman laser-induced local heating compared to their bulk counterparts.
In addition, it is well known that when crystallites are smaller than a certain critical
size (~300Å), the first-order Raman band shows a considerable downshift and
broadening corresponding to a series of events in the lattice dynamics[23, 43, 47]. In
crystallites below the critical size, the coherence length of the phonons is very small
and phonons are confined in a small domain, therefore the momentum conservation
rule at the centre of the Brillouin zone will be relaxed. Consequently, phonons with
momenta far from the Brillouin centre and indeed with lower frequencies can
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participate in the first-order Raman scattering. This downshift/broadending of the
first-order Raman band has been extensively used as a measure of crystallite size and
residual stress/strains. Therefore, the laser-induced band shift/broadening which is
not structurally related, may lead to substantial miscalculation in the quantitative
analysis of band movements (e.g. in determining crystallite size and residual
stress/strains). Thus, it is very likely that one reason for the current discrepancies in
the literature lies in the use of different laser irradiances rather than microstructural
differences [24, 47-49].
However, considering all the possibilities, inhomogeneous heating of the sample is
the most likely reason for such band shift and deformation. Different methods have
been proposed to calculate laser-induced temperature rise, of which the intensity
ratio of the peaks from Stokes and anti-Stokes zones is the most widely accepted
[28, 30-33, 49]. In this method, the absolute temperature can be determined by
considering the intensity ratio of the first order Raman band from Stokes (I s) and
anti-Stokes (Ias) zones in the Boltzmann distribution[50]. Fig 4.5 shows the mesoPSi Stokes/anti-Stokes scattering bands of the first order Raman spectra at the
irradiances used. The Stokes/anti-Stokes intensity ratio has clearly increased, with
higher laser irradiances and therefore, as expected, the local temperature under the
laser spot is increased. The information of Fig 4.5 is summarized in Table 4.2.
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Figure 4.5. Stokes/anti-Stokes lines of meso-PSi at three different laser powers. The
laser line used for this experiment was blue (413 nm) with less available power than
the green (514 nm) used elsewhere.

Table 4.2. Stokes/anti-Stokes band frequency and intensity ratios at three different
laser powers (413 nm excitation).

Laser power
(mW/µm2)

Stokes band
(cm-1)

Anti-Stokes band
(cm-1)

Intensity ratio
(Is/Ias)

Temperature
(K)

0.15

516

-516

3.9

298

0.75

509

-510

7

440

1.5

403

-504

16

672

Based on the calculations, local temperatures in the sample may reach ≈670 K using a
laser irradiance of 1.5 mW/µm2. Therefore it can be stated that using 3.7 mw/µm2, the
temperature rise will be much greater and the ultimate local temperature will
significantly exceed 670 K. Such an increase in temperature is probably high enough to
modify the crystalline properties of the material under irradiation. Perhaps the
simplest way to confirm such a temperature rise is by monitoring the surface phonon
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alterations after each exposure, as surface phonons in PSi films are mostly due to Si—
Hx bonds which are highly sensitive to temperature changes [12, 17, 51].
In order to test whether any surface alteration of meso-PSi films had taken place during
laser illumination, a series of Raman experiments were conducted. We recorded the
spectra with the lowest “safe” laser setting (0.37 mw/µm2) as shown in Fig 4.6a, followed
by the highest irradiance (3.7 mw/µm2) at the same point (Fig 4.6b) and finally again at
the lowest setting (Fig 4.6c). Adequate intervals were given between measurements to
allow the sample to cool down. It was found not only that reversible band shift occurred
but also some features were permanently changed. The asymmetric band located
around 625 cm-1, which is attributed to the TA(X)+TO(X) mode, as well as trapezoidal
two optical-phonon scattering bands located between 936 to 975 cm-1 assigned to
2TO(X,L) [27] were reduced and deformed. On the other hand, the L(X)+2O2(W) and
L(X)+O1(W)+O2(W) bands at 1100 and 1230 cm-1, respectively[27], which are marked
as admixed phonon scattering by surface bonds and more importantly bands located
at 2086, 2110 and 2136 cm-1, designated to superficial silicon hydride bonds (Si—Hx),
disappeared completely (Fig 4.6c). These bands were sharp and well resolved in
spectra acquired from other points on the sample (at least 50 µm away from the
previous position) as shown in Fig 4.6d. They are attributed to the stretching modes of
the surface silicon hydrides which normally cover the as-prepared meso-PSi layers.
The bands located at 2086, 2110 and 2136 cm-1 are assigned to Si3SiH, Si2SiH2 and
SiSiH3, respectively (Fig 4.3). Silicon hydrides are considered to be one of the main
sources of photoluminescence in PSi and their thermal behavior has been thoroughly
investigated [17, 52-54]. It is known that the Si3SiH, Si2SiH2 and SiSiH3 bands start to
decompose at about 523, 673 and 873 K, respectively [17]. As the Raman spectra were
recorded on as-prepared samples, there was no reason for this other than thermal
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effusion of surface hydride bonds as a result of laser heating. Therefore, it is clearly
important to maintain the laser irradiance below a determined safe threshold in order
to avoid changing the surface composition.

Figure 4.6. Raman spectra of meso-PSi samples during illumination at different laser
irradiances; (a) as-prepared meso-PSi using 0.37 mW/µm2 laser irradiance, (b) asprepared meso-PSi using 3.7 mW/µm2, (c) the same point of (b) using 0.37 mW/µm2,
(d) a different point using 0.37 mW/µm2.
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To confirm our findings, we recorded Raman spectra of meso-PSi layers after bulk heat
treatment at different temperatures. Heat treatment was carried out in a muffle
furnace in air to allow oxidation to take place, followed by furnace cooling. Allowing
surface oxidation to occur can permit recognition of bands related to surface oxides
compared to those related to hydrides.
We chose heat treatment temperatures in accordance with calculated values from Raman
band shift as well as hydrogen bond desorption temperatures [17]. Fig 4.7 shows the
spectra after treatment. As expected, the spectrum of the fresh meso-PSi sample was
similar to that after heating at 373 K (not shown in Fig 4.7). However, after heating at 523
K the cited bands started to diminish, then shrank further after heating at 723 K and
disappeared when the temperature reached 923 K. After heat treatment and Raman
measurements, the sample was immersed in HF/EtOH solution for few seconds and after
drying the Raman spectrum was recorded again. As shown in Fig 4.7e, the bands
reappeared as sharp as the original.
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Figure 4.7. Effect of heat treatment on the Raman spectra of meso-PSi; (a) as prepared
meso-PSi, (b) annealed at 523 K, (c) annealed at 723 K, (d) annealed at 923 K, (e) reetched in HF/EtOH solution.

Another similarity between the Raman spectra at different irradiance levels and
annealing temperatures is a noticeable decrease in the intensity of the second-order
optical phonon scattering bands located between 936 to 975 cm -1 (Fig 4.6c and
4.7b,c,d). This decrease can be attributed to the structural changes induced by the
temperature rise from either the laser probe power or the annealing step. Surface
oxidation is the dominant event when temperature is increased and due to the lack of
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symmetry in the atomic structure of the (amorphous) silicon oxide phase, the surface
of porous silicon loses its crystallinity to some extent. Therefore, since the optical
phonon scattering is sensitive to the degree of crystallinity, the intensity of the spectral
features diminishes.
There are disagreements in the literature about the origin of the bands in the admixed
phonon region between 600 to 900 cm-1 and also above 1000 cm-1 in the Raman
spectrum [11, 15, 27, 44]. Fig 4.7 exhibits a consistent correlation between bands
around 2100 cm-1 and those in the admixed phonon region under the different
illumination and heating conditions. For instance, the bands in the vicinity of 1100 and
1230 cm-1, which are generally ascribed to surface Si—O bonds of silicon
nanostructures, disappeared after high power laser illumination as well as after
heating even at low temperatures, signifying the presence of superficial Si—H bonds
rather than Si—O bonds. These bands reappeared after re-etching the sample in the HF
solution. Moreover, if those bands were related to surface oxides, we should have
observed peak enhancement at ambient conditions due to exposure of the samples to
oxygen at high temperatures and this was not the case.
Another very complex band in this region is the one at 625 cm-1 which has been assigned
both to the overtone of two phonons (TO+TA) from the critical point at X and to the silicon
hydride vibrations at the surface of silicon nanostructure [11, 55]. According to our study,
this band is most likely to be the result of both processes simultaneously (i.e. surface
phonon and admixed multi-phonon processes), since when the sample was heated at 1023
K, no hydride bond would be expected. Although, the intensity of this peak was greatly
reduced, it was still visible. On the other hand, re-etching the sample sharpened and
intensified the peak to the initial state, demonstrating the effect of surface hydride bonds
on this peak. It is worth mentioning that, even after heating the sample at 1273 K for 30
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minutes; this peak was again visible, indicating a concurrent contribution by intrinsic
vibration of a multi-phonon process. Accordingly, this band may include two
simultaneous components: a sharp band from superficial silicon hydrides and a broad
and weak band from multi-phonon vibration.

4.4

Conclusions

Micro-Raman spectroscopy has been employed in order to study the effect of laser
heating on the spectral characteristics of silicon nanostructures. Even though the laser
irradiation used in this study was low enough to avoid any modification of the Raman
line shape in c-Si, it was found to substantially alter the spectra of nanostructured
silicon. In particular a 1.5 mW/µm2 laser irradiance (which is safe in the case of c-Si)
was estimated to induce a temperature of 672 K in PSi. Such a temperature rise causes
a substantial band shift and broadening in the Raman spectral features which can easily
result in numerous errors in calculations of crystallite size, residual strain, etc., which
are based on line shape and position. In addition, it was found that while band
movement and deformation were reversible, the loss of surface hydrogen was
irreversible. Finally, we suggest that the controversial bands located in the admixed
multi-phonon scattering region (600 to 900 cm-1 and above 1000 cm-1) are the result of
simultaneous two-phonon and surface phonon scattering.
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Abstract
The synthesis of a novel silver on porous silicon hybrid material based on a simple
galvanic displacement between silver and silicon in the presence of an aqueous
fluoride solution was used to form a highly sensitive and reproducible substrate for
surface enhanced Raman spectroscopy (SERS). Different types of porous silicon (PSi)
including micro, meso and macro porous silicon layers were fabricated and explored
as sacrificial layers for the deposition of silver nano-dendrites. The growth rate,
population density and size distribution of the silver particles and dendrites are highly
dependent on the surface characteristics of the primary substrate (i.e. PSi type,
roughness and pore size), deposition time and electrolyte composition. Morphological
and crystalline properties of the silver dendrites were investigated by X-ray diffraction
(XRD), scanning and transmission electron microscopy (SEM and TEM). The SERS
performance of the different substrates was evaluated by using crystal violet (CV) as
the probe molecule. The silver nano-dendrites grown on the macro-PSi gave the best
SERS performance and enabled the detection of CV molecules from solutions down to
10-9 M, revealing the excellent SERS sensitivity of the silver / PSi hybrid material. The
macro-PSi / silver substrates were also successfully used to detect three antibiotic
drugs at concentrations as low as 10-6 M.
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5.1

Introduction

The potential for obtaining an enhanced Raman signal, even for a low chemical
concentration, with a roughened metallic surface has led to a renewed interest in
chemical sensing [1, 2]. However, despite the considerable effort directed to the largescale production of suitable substrates, the task has proven challenging. Numerous
efforts focused on the fabrication of a simple, reproducible, durable, selective and
sensitive substrate for SERS experiment have been largely unsuccessful [3-5].
Nevertheless, some agreement has been reached on the suitable properties of the
metallic surface, such as nano-sized roughness, particle size and morphology and
degree of agglomeration [6-11]. Among the metals investigated, the highest
enhancement has been obtained with silver and gold. Consequently, a relatively large
number of researches have focused on controlling the morphological features of these
two noble metals. Yet the success of these efforts still depends on having the
synthesized metallic structure on a substrate suitable for SERS.
Silicon substrates are perhaps the most suitable substrates because of their
amenability to high resolution micro-machining, low production cost, integrability
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with contemporary microelectronics and controllable surface chemistry [12-14]. In
this regard, porous silicon possesses many excellent characteristics that are desirable
for SERS substrate [15]. Various fabrication methods and available silicon wafers allow
the production of a large variety of microstructures with different optical, electrical
and morphological properties [16]. Pore size, porosity and layer thickness are tuneable
with the etching parameters and also by selecting a suitable fabrication method. Pore
sizes as small as 1 nm and as large as a few microns are achievable [17]. The
adjustability of the surface properties, such as roughness and chemical
functionalization is another significant advantage of using PSi as a SERS substrate.
Despite the advantages, only a few studies have used PSi as the primary substrate for
SERS experiments [18-20]. Although successful in achieving a Raman signal
enhancement, these studies could not achieve the highest enhancement due to the
morphology and coverage problems which are most common in the majority of the
SERS related studies [21].
Another reason for not using silicon or silicon nanostructures such as PSi as the
primary substrate is the difficulty involved in synthesising the metal coating on a
surface with sufficient adherence between the coating and the substrate. We used an
electrochemical reaction that is capable of replacing silicon with any metal with higher
standard reduction potential. In the present study, we attempted to coat silver on
various types of PSi and investigated the effects of pore size and surface properties on
its deposition. Subsequently, we evaluated the SERS performance of the different
substrates. Also, we tested our substrates for antibiotic detection, as residual
antibiotics in processed food and dairy products are an issue of concern and it was
demonstrated that our newly developed SERS substrate offers a fast and simple
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detection method. In another study [22] (presented in Chapter 5), gold was also
successfully coated and attached to the surface of PSi, giving a strong Raman signal
enhancement owing to its thorn-like morphology.

5.2

Experimental Details

5.2.1 Porous Silicon Fabrication
The silicon wafers used in this study were (100) boron-doped single-side polished wafer
with two doping densities resulting in resistivity of 0.003-0.007 Ω.cm and 20-40 Ω.cm,
supplied by University Wafer [23]. Before etching, the silicon wafers were diced using a
diamond scriber into 1.2×1.2 cm pieces and then sonicated in 1:1 acetone and ethanol
solution for 10 minutes to remove grease and organic contamination from the surface.
These were then thoroughly rinsed with Milli-Q and immersed in a 1M HF solution for 1
minute to remove the native oxide layer and immediately subjected to anodization.
5.2.1.1

Meso-PSi Formation

Meso-pores of 10 to 50 nm were formed on substrates with a resistivity of 0.003-0.007
Ω.cm using a conventional electrochemical anodization method. The etching process was
carried out using a home-made single cell tank with a Pt wire cathode and an aluminium
plate to form the ohmic contact between silicon and power source. A current density of
100 mA/cm2 was used for etching times of 1 to 5 minutes. A 1:1 volumetric solution (5.8
M) of hydrofluoric acid (HF) and ethanol was used as the electrolyte.
5.2.1.2

Macro-PSi Formation

Macro-pores of 1-2 microns were formed on substrates with a resistivity of 20 - 40
Ω.cm using the above setup. A current density of 50 mA/cm2 was used for etching times

153 | P a g e
of 1 to 5 minutes. Various combinations of hydrofluoric acid (HF) and dimethyl
formaldehyde (DMF) were used as the electrolyte.
5.2.1.3

Stain Etched PSi Formation

A mixture of HF and HNO3 of different ratios was used as electrolyte to fabricate microporous silicon using the so called “stain etching” method. The etching time was varied
from 30 sec to 5 min. A Teflon beaker was used as the reaction container and all the
reactions were carried out in daylight at room temperature without agitation.
After etching, samples were immersed in ethanol for 5 min and then dried under a N2
stream where needed as a dry sample; otherwise, the samples underwent silver
coating immediately.
5.2.1.4

SERS Substrate Fabrication

The SERS substrates were prepared by deposition of metallic nanostructures including
silver and gold on the top of different PSi samples. The deposition was done via a
galvanic displacement reaction by immersing the as-etched PSi samples in the
electrolyte at room temperature. The electrolytes composed of 0.4 M AgNO3 in 2.9 M
HF (Merck Pty. Ltd., Australia) solutions for Ag deposition. Immersion times were
adjusted to achieve the desired particle size, morphology and surface coverage.
Samples were rinsed several times with copious amounts of Milli-Q water to remove
residual HF from the surface and pores, then dried under a N2 stream.
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5.2.2 Instrumentation
High-resolution transmission electron microscopy (HRTEM) was carried out using a JEOL
JEM 2011 microscope with point resolution of ∼2.3 Å and equipped with a Gatan 894
UltraScan 1000 CCD camera. Scanning electron microscopy was done by using a JEOL JSM7001F SEM at 5 kV in secondary electron (SE) mode. The crystallinity of the samples were
determined using a Philips PW 1140 diffractometer with nickel-filtered Cu Kα radiation
(λ=1.5406 Å). The step size and scanning rate were adjusted as 0.02° and 2.00 °/min,
respectively.
The Raman spectra were obtained using a Renishaw Invia micro-Raman System coupled
to a laser (633 nm) and a Peltier cooled CCD detector. The system was equipped with a
2400 lines/mm grating and a motorized xyz stage for mapping and employs an edge
filter for Rayleigh scattering rejection. Slit opening and slit beam centre size were
selected at 65 µm and 1917 µm, respectively and the exposure time was fixed at 10 sec.
Sampling was carried out using a Leica (50 x, NA = 0.75) visible microscope. The laser
power used for all the samplings was 0.6 mW.µm2.

5.3

Results and Discussion

5.3.1 Porous Silicon Fabrication
The two step fabrication process for the production of the substrate, including PSi
fabrication and subsequently silver deposition was carried out over a wide range of
experimental parameters. Porous silicon (PSi) was used as the initial substrate to
deposit and form the desired metallic structure for SERS experiment. Three different
PSi substrates including meso-PSi, macro-PSi and micro-PSi (stain etched) were
selected to investigate the possible effects of the pore structure and surface properties
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on the silver deposition. To establish whether the use of PSi affected the deposition
mechanism and SERS performance, all the results were compared with a polished
silicon wafer substrate.
Fig 5.1 shows the SEM top view of the three porous silicon structures used. The silicon
wafer is not represented in the figure, as it has a polished surface devoid of any surface
features. Electrochemically anodized meso-PSi has a pore size range from less than 10 nm
to more than 100 nm and porosity in the range of 40 to more than 90 %, depending on
etching condition (details in Chapter 4). Meso-PSi samples used in this study had a pore
size distribution of 30 to 50 nm with a porosity of ~75%, as shown in Fig 5.1(a). Stain
etched silicon (S-PSi) has a spongy structure with pores with less than 5 nm diameter (Fig
5.1 (b)). However, the surface of S-PSi appears to be covered with large surface
perturbations (hillocks) of a few hundred nanometre in size [24] which makes the
surface of S-PSi much rougher than meso-PSi. Porosity in S-PSi also can vary from 50
to 80 % depending on the etching condition (porosity was measured using the socalled gravimetric method [25]). As it is proven that rougher surfaces provide stronger
Raman signal enhancement and also to differentiate the surface characteristics of S-PSi
from meso-PSi, the formation condition employed for S-PSi was biased toward a
surface with large hillocks and therefore, much rougher. This was done by optimising
the electrolyte composition. Also, it will be shown that the rougher the surface, the
better the adhesion of the Ag particles to the surface of the PSi layer. Macro-PSi has the
largest pore size and roughness among all the PSi types used in this study. Pore sizes
of macro-PSi range from less than 1 to about 2 µm with a large number of surface
perturbations which presents a very rough silicon surface (Fig 5.1(c)).
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Figure 5.1. SEM micrograph of (a) meso-PSi, (b) Stain-etched-PSi and (c) macro-PSi
surfaces.

5.3.2 Effects of PSi Substrate on Silver Coating
The morphology, size and adherence of the silver particles were found to be dependent
on the electrolyte composition and deposition conditions, such as temperature and
agitation. Also, a large difference was observed in the silver particles deposited on the
different types of PSi under the same conditions. As shown in Fig 5.2, the size and
morphology of the Ag particles at initial formation times are totally different at the
porous area and the pristine silicon surface. There was a much larger population of the
silver dendrites on the porous areas compared to the polished silicon surfaces. Also the
particle size distribution is substantially different in these areas. The size of the silver
nanoparticles formed on the polished surface ranged from ~40 nm to more than ~200
nm, whereas particles with less than 20 nm size cover the macro-PSi surface. This
observation is a clear indication of the influence of the surface state of the silicon
substrate (i.e. type of porous silicon) on the deposition mechanism. Such a size and
morphology difference may have an impact on the SERS performance of the different
substrates, as will be shown and discussed later.
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Figure 5.2. Comparison between the silver morphology on macro-PSi and polished
silicon at the same deposition condition.

It is suggested that the roughness and discontinuity of the PSi surfaces produce a large
number of heterogeneous nucleation sites. Therefore, the number of nucleated silver
particles is much greater on rougher surfaces, leading to the formation of smaller silver
particles. The considerable difference between the size, morphology and population of the
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silver particles deposited on the selected substrates was verified by SEM images, as
shown in Fig 5.3. SEM images were recorded from samples coated by the same
electrolyte in 60 sec. It is clear from the SEM images that, at the same deposition time,
most of the AgNPs on the smoother surfaces (polished Si and meso-PSi shown in Fig
5.3 (a,b)) are equiaxed, which shows their tendency to achieve homogeneous growth,
whereas in more roughened surfaces the particles start to grow heterogeneously in
dendritic shape from very early stages of their growth (Fig 5.3(c,d)).

Figure 5.3. SEM micrograph of (a) silicon, (b) meso-PSi, (c) S-PSi and (d) macro-PSi
after 60 sec silver deposition.

As meso-PSi and polished Si both have a very smooth surfaces, the primary particles
look very similar in both cases, whereas they are very different in S-PSi and macro-PSi.
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A clear tendency for fast dendritic growth is observed with increasing surface
roughness. The rate of growth was the least for the polished Si and the most for macroPSi.
A roughened silicon surface (without porosity) was fabricated in order to clarify the
effect of roughness on the nucleation and growth of the silver particles. The same
procedure for fabricating S-PSi layer with a very short etching time (30 sec) was
selected to create a very rough surface with surface features in the order of microns.
Silver was deposited on both roughened Si and polished silicon surfaces and results
are shown in Fig 5.4. It is clearly shown that the particles grew differently in ‘hill’ areas
(see Fig 5.1(b)). The dendritic growth starts just at the initial stages of the deposition.

Figure 5.4. SEM micrograph of (a) polished silicon and (b) roughened Si coated by
Ag in 30 sec.
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Among the four substrates, macro-PSi generated a greater number of dendrites at the
same deposition time, whereas a much longer time was required to form dendrites on
the polished silicon. Regardless of size and type, no tendency was observed for
penetration into the pores by the deposition electrolyte and formation of the particles
inside the pores. All the silver particles formed on the surface. As the laser light does
not penetrate into the substrate, only particles on the surface will participate in the
SERS process. Therefore, the absence of the silver particles inside the pores will have
no effect on the SERS performance of the layers. Also, from commercial considerations,
the cost of production of the substrates will be kept as low as possible.
The morphology of Ag dendrites grown on the silicon substrates is shown in Fig. 5.5.
Similar to electrochemical synthesis [24] the branches grew at the same angle to their
main stem. It appears that the dendrites nucleate from very small and round particles
and their growth rate changes heavily with reaction time and Ag content of the
solution. Longer times allowed the branches to grow substantially (more than 100 µm)
as shown in Fig 5.5.
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Figure 5.5. A highly elongated silver dendrite formed on a macro-PSi substrate during
a prolonged deposition (4 min).

Higher silver content in solution results in a faster nucleation and growth of the silver
dendrites. Very large dendrites were formed within a few seconds when a higher
concentration of AgNO3 was used (0.1 M). Contrary to previous reports, no significant
effect was observed from the NO3 ion concentration on the morphology of the Ag
particles and dendrites [25], where the only observed effect was increased growth rate.
As a SERS substrate we need a reusable surface, therefore a large number of dendrites
is unfavourable due to their weak attachment to the surface. This problem will be
discussed in more detail in the section related to SERS performance of the substrates.
To achieve the best SERS result, the deposition time and electrolyte concentration were
optimized.
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Adherence of the Ag particles to the surfaces also varied from substrate to substrate. A
very weak attachment was found between Ag dendrites formed on both polished
silicon and meso-PSi since the coating was prone to removal with vigorous washing.
The adhesion was improved in the case of S-PSi and the best condition was obtained
with macro-PSi. This observation reinforces the role of the surface roughness and
perturbations on silver deposition process. In general, the rougher the surface, the
better the adhesion.
5.3.3 Formation Mechanism of AgNPs
Scanning electron microscopy images suggest that the initially-formed particles result
from a high nucleation rate and fast growth of Ag crystals on the active sites of the
substrates. Fig 5.6 shows the silver particles after 10 sec. The likely driving force for
such a fast nucleation and growth is the large electronegativity difference between
silver and silicon. Silver forms through a galvanic displacement between silver ions in
the solution and the silicon substrate in fluoride solution. For each silver atom
deposited, four silicon atoms were sacrificed with the reaction taking place adjacent to
the surface. As shown in Fig 5.6, the best sites where the nucleation of the Ag particles
started on are the high energy sites such as sharp apices between pore nuclei on the
silicon surface after macro-PSi formation.
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Figure 5.6. SEM micrograph of the initial silver particles formed after 10 seconds of
deposition at different magnifications.

The system comprises an aqueous solution of silver nitrate as the Ag source,
hydrofluoric acid to oxidize the silicon and the silicon surface as the sacrificial anode.
The energy level of Ag+/Ag is much lower than the valence band level of Si, so
deposition of Ag atoms from Ag+ ions is not restricted by the charge carrier
concentration. The oxidation of Si atoms on silicon surface (anodic reaction) and the
reduction of Ag+ ions (cathodic reaction) occur simultaneously in the presence of
fluoride solution. Silicon oxidation is the main source of the electrons for Ag+ reduction
[26].

Si  6 HF  H 2 SiF6  4 H  4e

E  1.24V

Ag  e  Ag

E  0.80V

It has been reported that the electrochemical reaction between Ag+ and Si occurs beneath
the Ag particles [27]. Therefore, the Ag nuclei penetrate gradually into the silicon surface
sustaining the electrical conductivity required for the reaction. This phenomenon which is
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identical to that used in fabricating silicon nanowires, leads to some additional mesoporosity of the surface of the macro-PSi (Fig 5.7).

Figure 5.7. SEM micrographs showing (a) the adherence of the silver dendrites to the
substrate and (b) Penetration of the silver particles into the silicon surface as a result
of the galvanic displacement.

After the generated particles cover the surface, isotropic growth becomes
constrained. Due to the fast growth and lack of space, as well as concentration
gradient of the silver ions in the solution, anisotropic growth starts. A number of
studies have been reported on the growth mechanisms of the Ag nano-dendrites [7,
15, 24, 25, 28].
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5.3.4 Silver dendrites properties
The coated substrates were characterized by XRD as shown in Fig 5.8. The four peaks
obtained were indexed as the (111), (200), (220) and (311) planes of face centred cubic
silver. The sharp diffraction peaks suggest a well-crystallized silver deposition but
grown in a random manner. As the silver dendrites are not aligned in a certain
direction, the pattern is identical to f.c.c silver in powder form.

Figure 5.8. XRD pattern of the silicon surface coated with Ag particles.

The crystallinity of the silver dendrites shown by XRD was confirmed by HRTEM
images of Ag dendrites. The TEM image shown in Fig 5.9 is recorded from a newly
nucleated dendrite. The HRTEM image suggests a typical f.c.c structure viewed
perpendicular to (111) planes with the d-spacing of ~2.4 Å. The selected area
diffraction pattern (SADP) taken from the whole dendrite is composed of sharp and
bright spots which is identical to that of a single crystal f.c.c structure, directed along
the [111] zone axes. The SADP did not change when recorded from only the tips or the
trunk, indicating that the entire dendrite is a single crystal but the amount of defects is
considerable. The SADP is indexed and shown accordingly.
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Figure 5.9. HRTEM image and SADP of a single silver dendrite oriented in [111] zone
axes.

5.3.5 SERS Performance
We showed in our previous work [22] that the micro-PSi coated with thorn-like gold
nanoparticles gave a substantial enhancement to the Raman signal. The most likely
reason for the SERS performance was the sharpness of the gold nano-thorns and the
large number of the apices and grooves [3, 10, 28-30]. We expect similar results here
because the silver dendrites have a large number of narrow spaces in between their
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branches as well as very small branch nuclei on the main trunk and the branches. In
addition to the dendrites, the AgNPs attached to the macro-PSi surface, which have a
very small size range (< ~50 nm), contributed significantly to the signal enhancement.
To verify this and also compare different PSi layers as SERS substrates, a series of SERS
measurements were recorded by using crystal violet (CV) dye as analyte. Several
concentrations of CV were prepared in ethanol and a droplet of 50 µl of each solution
was applied to the surface for SERS measurement. Samples were kept overnight to
allow ethanol to evaporate. SERS measurements were recorded using a 633 nm laser
with an irradiance of 0.06 mW. µm2 to avoid intensity saturation. A CV solution of 10-9
M was used for comparison with the silver particles grown on silicon wafer, S-PSi and
macro-PSi, as shown in Fig 5.10. A significantly greater enhancement was observed
with macro-PSi/Ag than S-PSi/Ag, whereas S-PSi/Ag enhanced the signal substantially
more than the polished silicon wafer. This result clearly shows the effect of initial
surface characteristics of the silicon substrates on the silver microstructure,
morphology and size distribution which are the essential parameters influencing the
SERS performance of the substrates.

Figure 5.10. SERS spectra of 10-9 M CV @ Ag grown on silicon, S-PSi and macro-PSi.
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The SERS spectra in Fig 5.10 reveal that the CV molecules interact with all the different
substrates in a very similar way as the enhanced bands in all the SERS spectra are
almost identical and the only difference is in the degree of enhancement. This
observation clearly shows the importance of the substrate characteristics (surface
roughness, pore size and porosity) on the SERS performance which is directly linked
to the silver particle morphology, degree of agglomeration and size distribution.

Figure 5.11. SERS spectra of 10-6 and 10-9 M CV on S-PSi and macro-PSi.

Fig 5.11 shows the SERS spectra for different concentrations of CV. It is clearly shown
that the SERS effect is observable from concentrations as low as 10-9 M of CV. To
quantify the SERS capability of the substrates, we estimated the enhancement factor
(EF) according to the procedure suggested by Le Ru et al. [31]. To estimate the
enhancement factor of the silver nano-dendrite / macro-PSi substrate, we used the
standard equation:

EF 

I SERS / N Surf
I RS / NVol

(1.1)
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where ISERS and IRS are the intensities of the same scattering band in the SERS and nonSERS spectra of CV, respectively. NSurf and NVol are the number of analyte molecules that
yield ISERS and IRS, respectively. The equation gives the Raman signal enhancement of a
particular scattering band per molecule of the analyte. The best scattering band for this
estimation is the band that gives the largest intensity ratio ISERS / IRS. The ring C−C
stretching band at 1617 cm-1 was chosen to estimate the enhancement factor. An EF of
the order of 107 was found for the macro-PSi substrate compared to 105 for S-PSi and
104 for meso-PSi and silicon wafer showing a great difference between these
substrates. The result obtained for Ag / macro-PSi substrate is comparable with the
results from our previously published Au / macro-PSi [22]. This confirms two things:
the morphology and the size distribution of the silver particles and dendrites are ideal
for SERS. Also, macro-PSi is an ideal substrate for growing such unique silver and gold
morphologies.
Reproducibility is always one of the most challenging issues in fabricating a SERS
substrate. Fig 5.13 shows several spectra from different SERS substrates made on macroPSi. It is clear from Fig 5.12 that spectra recorded from five different samples and two
different concentrations (10-6 and 10-9 M) of the probe molecule are almost identical,
which shows a great reproducibility of the CV spectra for the macro-PSi based SERS
substrate. The main reason for such reproducibility is the simplicity of the fabrication
process and limited number of chemicals involved in the reaction.
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Figure 5.12. SERS spectra of 10-6 and 10-9 M CV@ macro-PSi, recorded from different
substrates.

5.3.6 Application to Antibiotic Detection
To evaluate the functionality of the fabricated substrate, its use for rapid detection
of three antibiotics was considered. Ampicillin and carbenicillin were chosen from
the beta-lactam family and chloramphenicol was chosen from tetracyclines. All of
the selected antibiotics are used to treat bacterial diseases. Tetracyclines are
normally used as alternatives to the beta-lactam group, when a patient shows an
allergic reaction to beta-lactam family. Due to the wide usage of antibiotics in
animal husbandry, their detection is of significant interest in analytical chemistry
[32]. Fig 5.13 shows the SERS spectra obtained with millimolar level of antibiotics
disolved in ethanol. To ensure molecular adsorption, a droplet of 20 µl was placed
on the substrate and kept in ambient conditions for two hours to allow the ethanol
to evaporate and then SERS spectra were recorded. This is mainly to remove any
interference from solvent molecule into the SERS spectra.
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Figure 5.13. SERS spectra of 10-3 M of ampicillin, carbenicillin and chloramphenicol @
Ag deposited on macro-PSi

As clearly shown in Fig 5.13, the band close to 1300 cm-1 related to N-phenyl stretching
vibrations is one of the most significant in all three antibiotics. This suggests that these
molecules may be attached to silver dendrites from their N-phenyl bonds and bonds
nearby. This can be useful in optimizing functionalization methods for a better attachment
and improved SERS results. Other than this band, bands assigned to C-H rocking (~ 1400
cm-1) are intense and distinct. Fig 5.14 shows the spectra obtained for 10-4 and 10-6 M of
carbenicillin on the macro-PSi substrate.
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Figure 5.14. SERS spectra of 10-4 and 10-6 M carbenicillin @ Ag deposited macro-PSi

The poor uniformity of the spectra or low number of “hot spots” over the sample
surface is common problem usually observed in most SERS substrates. Fig 5.15
illustrates a data set acquired from a line on the sample containing 10-6 M ampicillin on
macro-PSi. Except at one point, all the Raman spectra acquired from this line have the
same intensity for the ring C—C stretching (a1) band located at 1617 cm-1 which is a
totally symmetrical band and very strong for the ampicillin molecule. This confirms
again the excellent and uniform surface coverage of the AgNPs and the dendrites on
macro-PSi.
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Figure 5.15. Raman mapping information. (a) Optical micrograph of the sample
showing the location of the line scan (dotted line), (b) scan statistics of the 1617 cm-1
band shown in the Raman spectrum (c) of the first point on the line scan.

5.4

Conclusions

Polished silicon, stain etched micro-PSi, meso-PSi and macro-PSi were used as the
initial substrates for silver deposition. It was shown that there are significant
differences between the silver particle morphologies grown on the polished silicon and
different types of PSi. As a result, the SERS performance of the substrates is very
different. Amongst all the substrates, macro-PSi gave the best SERS performance and
was therefore selected for further studies. It was used for the detection of CV molecules
at nanomolar level. It was also successfully used for the detection of three antibiotics
including ampicillin, carbenicillin and chloramphenicol. The reproducibility and
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uniformity of the substrates were successfully examined. Without doubt, this substrate
is an ideal SERS substrate with potential for detection of a range of substances.
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Abstract
We synthesised a novel gold-on-porous silicon hybrid material that exhibits a highly
sensitive and reproducible surface-enhanced Raman spectroscopy (SERS) response.
The material was fabricated simply by reducing gold chloride with hydrofluoric acid
on the surface of macro-porous silicon (macro-PSi). The material consists of thornshaped gold nanocrystals with characteristic shapes and sizes on the surface of macroPSi.
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6.1

Introduction

Although surface-enhanced Raman spectroscopy (SERS) has shown great promise in
addressing some fundamental shortcomings in the normal Raman spectroscopy
technique such as the small inelastic scattering cross section of very dilute analytes, a
practical, routine SERS substrate is yet to be demonstrated1. Problems such as lack of
reproducibility, sustainability, high cost and high-tech fabrication requirements are
major drawbacks of most of the reported substrates2-4.
The mechanisms involved with the SERS phenomenon are not yet fully understood,
although significant progress has been made to decode the processes behind the signal
enhancement. Several mechanisms, including surface plasmon resonance (SPR) caused
by the interaction of light with a metal, charge-transfer resonance between the analyte
molecule and the conduction band of the metal particles, and analyte molecular
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resonance close to the excitation frequency, have been thoroughly investigated. Each
SERS measurement may benefit from a single mechanism or several and obviously, the
more mechanisms involved, the greater the potential enhancement. The morphology,
size distribution, degree of agglomeration and surface chemistry of the metal particle,
as well as the substrate topography and the type of analyte molecule are all key factors
dictating which mechanisms are effective and which are not1, 5, 6.
Silver7, gold8 and rarely platinum and copper1 have been trialled as efficient metals for
enhancing the Raman signal of analyte molecules. Rods, sheets, hollow balls, flowershaped particles and more1, 2, 8-10 have been examined and results have suggested ways
to optimize the key requirements of an efficient SERS platform. There is agreement in
the literature about the metallic coating requirements for best SERS performance, such
as surface perturbation/roughness and particle agglomeration1, 11, 12. It was shown that
localized SPR at the tip of wedge-shape noble metal particles increases the
electromagnetic (EM) field intensity by several orders of magnitude12-14. Although
some attempts at fabrication of gold structures with sharp tips have been reported, the
proposed methods are complicated or costly 3, 15.
Macro-porous silicon (macro-PSi) is one of the most interesting and useful types of PSi.
It has been used in photonic crystals, chemical/biochemical sensors, solar cells, fuel
cells, etc.15 Initially, the only simple route to macro-PSi was photo-assisted
electrochemical etching of n-type silicon16, until Kohl et al. fabricated macro-PSi using
a dry HF electrolyte on p-type silicon. Later a large range of organic surfactants were
introduced to fabricate a macro-porous layer on p-type Si without resorting to
lithography techniques17, 18.
In this communication we report a simple method to grow high aspect ratio gold
nanothorns from about 50 nm to more than 1µm in length on macro-PSi. The
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fabrication involves two simple steps (see ESI for experimental details) to form a
uniform and highly reproducible coating consisting of very sharp, thorn-shaped gold
particles having strong adhesion to the substrate. Specific surface roughness and
morphology of the macro-PSi and the concentration of the gold chloride solution are
the two key factors in obtaining the desired structure.

6.2

Results and Discussion

Fig 6.1 and 6.2 show a scanning electron microscopy (SEM) image of the porous
structure before and after gold coating. The surface is covered by agglomerated gold
nanoparticles with a size distribution of ~5 to ~20 nm, with gold thorns growing out
from the surface in different sizes but with similar shapes.

Figure 6.1. SEM images of the initial macro-PSi substrate. (a-c) top view at different
magnifications and (d) cross section view.
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Figure 6.2. SEM image of macro-PSi coated by gold nano-thorns.

Raman spectra of the substrate (macro-PSi) before and after gold coating are shown in Fig
6.3a. The Raman spectrum of macro-PSi is identical to that of crystalline silicon with
one sharp and intense band at 520 cm-1. This band is the result of optical-phonon
scattering at the centre of the Brillouin zone of silicon and disappears almost
completely for the gold-coated substrate. The photoluminescence (PL) spectrum of the
coated substrate shows a double peak at 556 and 750 nm (Fig 6.3b). Normally,
anisotropic noble metal nanostructures show two or more plasmon resonance bands19.
In gold nanostructures, the first and second bands located at 556 and 750 nm are
related to transverse and longitudinal surface plasmon resonance, respectively19. In
the present sample this double peak can be attributed to the large aspect ratio of the
nano-thorns in comparison with spherical/equiaxed nanoparticles19. X-ray diffraction
(XRD) analysis of the samples shows a number of prominent Bragg reflections, which
may be indexed on the basis of the face-centred cubic Au structure (Fig 6.3c). The sharp
XRD peaks demonstrate the high crystallinity of the particles. Energy dispersive X-ray
spectroscopy (EDS) also confirms the purity of the Au particles and the absence of
chlorine (Fig 6.3d).
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Figure 6.3. (a) Raman spectra of macro-PSi before and after coating by gold nanothorns, (b) PL spectrum, (c) XRD pattern and (d) EDS spectrum of the coated substrate.

To better understand the crystalline characteristics of the gold nano-thorns, high
resolution transmission electron microscopy (HRTEM) and diffraction was carried out
as shown in Fig 6.4. TEM samples were prepared by fragmenting and dispersing a few
SERS substrates in a 2 ml of solvent using an ultrasonic cell disruptor (details in
experimental section). It is clear that, even after aggressive sonication, the gold layer
retains the morphology observed by SEM (Fig 6.2), showing the robustness of the
fabricated layer. This is due to the penetration of the underlying gold particles into the
silicon surface as a result of the displacement process of Si and Au atoms during
growth, as in many cases the gold agglomerates were pulled from the surface together
with a thin silicon layer.
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Figure 6.4. TEM images of the gold nano-thorns. (a) agglomerated particles with SADP
as inset and (b) a single nano-thorn and HRTEM inset showing crystalline fringes.

As shown in the image and selected area diffraction pattern (SADP, inset in Fig 6.4a),
the gold layer consists of agglomerated nanoparticles with different shapes and
crystalline orientations, attached to the silicon surface. The primary particles have a
size distribution of ~5 to ~20 nm (according to the TEM images shown in Fig 6.6 and
6.7).
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Figure 6.1. TEM images of the initial stage of the particle growth.

Figure 6.2. HRTEM images of nano-thorns.
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The TEM studies show that most particles are single crystals, although some exhibited
a high density of twin-like defects. (111) planes with a lattice spacing of 0.235 nm are
indicated in Fig 6.4. The thorns grow in the <110> direction of the gold structure. The
radius of curvature of the thorn tips ranged from ~5 to ~10 nm in the TEM images (see
Fig 6.6).
Small and packed gold nanoparticles (as shown in Fig 6.6a) and the very short
immersion time (reaction duration) used to produce them suggest that the initiallyformed particles are the result of a high nucleation rate and very fast growth of Au
crystals on the active sites of the macro-PSi surface. The likely driving force for such a
fast nucleation and growth is the large electronegativity difference between gold and
silicon. Gold nuclei form via a galvanic displacement between gold ions in solution and
the silicon substrate in HF media. Based on the reaction below, for each four gold atom
deposited, three silicon atoms must be sacrificed with the reaction taking place
adjacent to the surface.

Si  6HF  H 2 SiF6  4H   4e

Au3  3e  Au

E  1.2V

E  1.52V

The gold nuclei penetrate into the silicon surface to develop the electrical conductivity
required for displacement. After the generated particles cover the surface, isotropic
growth becomes constrained. Due to the fast growth and lack of space, the particles
start growing anisotropically in the observed thorn morphology. The lack of space is
clearly shown in Fig 6.2b and also Fig 6.6b and one of the preferential morphologies
for gold particles in anisotropic growth in the form of sharp tips15.
As the gold coating has a great number of particle junctions (grooves) and nanosized
sharp tips (Fig 6.2) that may enhance the electromagnetic field12, 13, a strong SERS
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performance was anticipated. The SERS response was examined using crystal violet
dye (CV) as the probe molecule. CV was selected because of its distinct Raman features
and its ability to form a self-assembled monolayer on gold particles without any further
chemical modification20. Several solutions with dye concentrations from 10-6 to 10-12 M
were prepared in ethanol. To prepare the SERS samples a 20 µl droplet was placed on
the substrate and evaporated in air. At least 20 spectra from different points of each
sample were collected and the average spectrum is reported. Raman spectra recorded
from the different concentrations of dye on the fabricated substrate are shown in Fig
6.8a. Well-resolved peaks were obtained at concentrations as low as 10-12 M (see Fig
6.10) substrates1, 4.
By comparing the SERS spectra of CV with the spectra reported in the literature21, 22, it
can be seen that, although there are some alterations in the intensity of the bands, the
observed wave numbers are not altered very much. This suggests that only
physisorption (and not any molecular interaction) occurs between the CV molecule
and gold particles. The prominent features of CV are assigned as: ph−C+−ph bend (out
of plane vibration) at 437 cm-1; ring C−H bend (out of plane vibration) at 809 cm-1; ring
skeletal vibration of radical orientation at 915 cm-1; ring C−H bend (in plane vibration)
at 1177 cm-1; N-phenyl stretching at 1380 cm-1 and ring C−C stretching at 1617 cm-1.
Raman line scan measurements of the samples show very good uniformity over the
surface with a large number of hotspots (Fig 6.7).

188 | P a g e

Figure 6.7. Raman mapping information. (a) Optical micrograph of the sample showing
the location of the line scan (dotted line), (b) scan statistics of the 1170 cm-1 band
shown in the (c) Raman spectrum of the first point on the line scan; this band is
indicated by parallel lines.

To examine possible ageing effects, a sample prepared using 10-6 M CV was kept in air
for a month and the SERS spectrum was then recorded (Fig 6.8b). There is no
significant difference between the SERS spectra of the fresh and aged sample.
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Figure 6.8. (a) SERS spectra of CV@gold coated macro-PSi with different
concentrations, (b) SERS spectra of the fresh and aged substrate with 10-6 M CV.

SERS capability of the macro-PSi decorated by gold nano-thorns was evaluated by
estimating enhancement factor (EF) considering approach suggested by Le Ru et al. An
EF in order of 108 w2 ml as found considering the intensity ratio of the scattering band
at 1617 cm-1 from SERS and normal Raman spectrum of CV (the details are given in Fig
6.8). The estimated EF might be enough for single molecular detection which can be
proven by estimating the number of CV molecules contributing in the SERS spectrum
of the pico-Molar solution.
The reason for such a strong SERS response might be found in the high surface area of
the sample due to the shape and size distribution of the gold nano-thorns. This allows
more adsorbed molecules on the entire surface and hence a very sharp, intense Raman
peak. Moreover, in the special case of gold nanoparticles with sharp tips, it has been
shown elsewhere that the maximum enhancement occurs when the tip angle is smaller
than 60◦ and the excitation wavelength is longer than 600 nm12-14, therefore, a
significantly high SERS intensification is expected with the present substrate. With
decreasing concentration of CV molecules, the bands at 803, 915, 1176, 1385 cm-1, all
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assigned to non-totally symmetric e mode, retain their intensity. Among the strongest
bands only the band at 1617 cm-1 is assigned to a1 (symmetrical stretching mode),
which is a totally symmetric mode. The dominance of the e mode in SERS spectra shows
the proximity of the CV molecules to the gold particles and thus suggests that a charge
transfer mechanism is involved in the signal enhancement20 (Herzberg-Teller surface
selection rule). Such an effect in our sample can be attributed to the extreme geometry of
the gold particles and their distribution on the silicon surface. In some Raman
measurements a broad and diffuse background scattering was observed. Interestingly, the
diffuse background was sometimes only present in part of the spectrum. It has been
suggested that such a background might be a by-product of a charge transfer process
between the gold particles and CV molecules with a very short dephasing time5. The
reason behind this can lie in the orientational jumps of CV molecule on the metallic surface.
When the CV molecule lies flat on the metal particle, the central carbon atom will
interact with the metal, resulting in the enhancement of the out of plane vibrations.
Otherwise, in-plane vibrations will dominate. Finally, a monotonic fall in intensity with
CV concentration was observed, showing the potential of the substrate to be used in
quantitative analysis.
The simplicity and reproducibility of the fabrication method presented here make this
material a strong candidate as a truly practical SERS substrate. Chemical modification
of the surface may allow for a faster, selective and more sensitive substrate to detect a
large range of chemical/biochemical substances.

6.3

Conclusions

To summarize, we demonstrated a simple method to synthesise gold nano-thorns
coated on macro-PSi as an ultrasensitive SERS substrate. The coating consisted of
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single-crystal, thorn-shaped gold particles with sharp tips of radii of ~5 to ~10 nm. The
SERS performance of the fabricated substrate was examined using crystal violet and
showed high sensitivity to concentrations as low as 10-12 M.
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6.4

Supporting Information

6.4.1 Experimental Details
6.4.1.1

Macro-PSi Formation

Macro-pores of 1-2 microns were generated on a single-side polished (100) p-type
silicon substrate (Boron doped) with a resistivity of 20 - 30 Ω.cm using a conventional
electrochemical anodization method. The etching process was carried out using a
homemade single cell tank with a Pt wire cathode and a copper plate to form the ohmic
contact between silicon and power source. A current density ranging from 1 to 100
mA/cm2 was applied to the system for etching times of 1 to 120 minutes. Various
combinations of hydrofluoric acid (HF) and dimethyl formaldehyde (DMF) ranging
from 1:1 to 1:10 (HF:DMF, Vol) were used as the electrolyte. Wafers were previously
diced into 1.5×1.5 cm2 squares and sonicated in a (1:1) mixture of acetone and ethanol
for 10 min in order to remove organic contamination and then dipped into a 1M HF
solution to remove the native oxide layer. After etching, samples were immersed in
ethanol for 5 min and then dried under a N2 stream where needed as a dry sample;
otherwise, the samples underwent gold coating.
6.4.1.2

Gold nanoparticles coating

Gold nanostructures on the top of macro-PSi were prepared using a simple immersion
deposition method at room temperature. An aqueous solution of 0.02 M HAuCl4
(Sigma) and 2.9 M HF (Merck Pty. Ltd., Australia) was prepared. As-prepared PSi chips
were submerged into the solution for different times to achieve the desired particle
size and surface coverage. Samples were rinsed with copious amount of DI water
several times to remove residual HF from the surface and then were dried under a N 2
stream.
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6.4.1.3

Electron Microscopy

Gold particles were detached from the silicon surface using a high power ultrasonic
probe. A Branson model 450 Sonifier fitted with a micro-tip horn was used and the
maximum power used was typically ~100W and the duration was set to 5 minutes. The
samples were immersed in a 2 ml vial filled by ethanol. High-resolution transmission
electron microscopy (HRTEM) was carried out using a JEOL JEM 2011 microscope with
point resolution of 0.23 nm and equipped with a Gatan 894 UltraScan 1000 CCD
camera. Scanning electron microscopy and energy dispersive X-ray analysis were done
using a JEOL JSM-7001F SEM.

6.4.1.4

SERS Measurements

The Raman spectra were obtained using a Renishaw Invia micro-Raman System
coupled to a Coherent Innova HeNe laser (633 nm) and a Peltier cooled CCD
detector. The system is equipped with a 2400 lines/mm grating and a motorized
xyz stage for mapping and employs an edge filter for Rayleigh scattering rejection.
Slit opening and slit beam centre size were selected at 65 µm and 1917 µm,
respectively and the exposure time was fixed at 10 sec. Sampling was carried out
using a Leica (50 x, NA = 0.75) visible microscope. The laser power used for all the
samplings was 0.6 mW.µm 2.
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6.4.2 Enhancement Factor Estimation:
To estimate the enhancement factor of the gold nano-thorn / macro-PSi substrate, we
used the standard equation

EF 

I SERS / N Surf
I RS / NVol

where, ISERS and IRS are the intensities of the same scattering band in the SERS and
non-SERS spectra of CV, respectively. N SERS and NRS are the number of analyte
molecules that yield I

SERS

and I

RS,

respectively. Therefore the equation gives the

Raman signal enhancement of a particular scattering band per molecule of the
analyte. The best scattering band for this estimation is the strongest band in SERS
spectra, which interestingly in our case do not vary substantially from case to case.
The ring C−C stretching at 1617 cm -1 was chosen to estimate the enhancement factor.
The first challenge to estimate EF is the actual scattering volume in non-SERS
measurement. The confocal height of the Raman microscope was estimated ~4 µm, from
depth of field considerations. The laser spot diameter was measured ~0.9 µm, leading to a
scattering volume of ~3 µm3. Therefore, the number of CV molecules contributing in
non-SERS measurement will be around 1.3×10 10 as CV powder was used (to be more
rigorous, we assumed a porosity of 70% for the powder under the laser beam). In
order to estimate N SERS we need to know the number of gold nanoparticles under
laser probe and the number of CV molecules contributing in SERS measurement. We
found an average number of 100 for gold nanoparticles (Fig 6.9) and average
effective metallic surface area of 4µm2 (considering the height of grooves formed at
inter particle positions) which leads to ~3000 CV molecules under SERS probe (the
circle shown in Fig 6.9). Thus, EF was estimated in order of 108 which can include an
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error of about 102 due to assumptions made to estimate the values of NSERS and NRS.
However this error can be compensated by the underestimations introduced by
assuming a flat silicon surface coated by uniform gold nanoparticles.

Figure 6.3. SEM image showing the active surface of the gold coated Si under the Raman
probe (the drawn circle).
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Figure 6.4. Original Raman scattering spectra of CV @ gold nano-thorn / macro-PSi
sample in three different concentrations.
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7. Chapter 7.

Conclusions and Further Suggestions

Conclusions and Further Work
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7.1

Conclusions

The fabrication of several novel SERS substrates based on polished silicon, micro, meso
and macro-porous-silicon (PSi) was successfully accomplished. In this context, the role
of different PSi layers was explored as the initial substrate for metallic
functionalisation. Two noble metals including gold and silver were deposited on the
surface of PSi to form SERS substrates. As a major part of this study, the microstructural
and chemical properties of all the possible structures of meso-PSi fabricated using
heavily doped p-Si was characterised by scanning and transmission electron
microscopes (SEM and TEM) and Raman spectroscopy.

Also, gold and silver

nanoparticles were characterised in relation to their SERS activity.

A galvanic displacement reaction was used to reduce silver from silver nitrate in the
presence of hydrofluoric acid. The silicon/PSi substrate played the role of the sacrificial
anode. It was observed that changing the substrate results in a totally different silver
deposition mechanism and kinetics. The morphology of the particles and also the
amount of reduced silver were totally different for the different substrates. The SERS
performance of the fabricated substrates was found to be highly dependent on the
morphology, size and adherence of the silver particles on the silicon surface. The
substrate based on macro-PSi was found to be the best, followed by the stain-etched
substrate in the Raman signal enhancement for SERS detection of crystal violet
molecules. Enhancement factors of all the layers were estimated using the method
proposed by Le Ru et al [1]. The substrate based on macro-PSi was successfully used
for the detection of three antibiotic drugs including ampicillin, carbenicillin and
chloramphenicol in micromolar level. The reproducibility and durability of the
substrates were tested and proven to be excellent.
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Gold was also deposited on the surface of macro-PSi via the galvanic displacement
reaction. The gold particles were reduced from gold chloride solution in the presence
of HF on the surface of the silicon based substrates. The gold morphology was totally
dependent on the gold content of the electrolyte and also the surface properties of the
silicon substrate. The gold coating consisted of single-crystal, thorn-shaped particles
with sharp tips with the radii of ~5 to ~10 nm. Crystal violet was used as probe
molecule to test the SERS performance. An enhancement factor of 108 was calculated,
which was sufficient for single molecular detection; furthermore crystal violet was
detected in picomolar level.

All the possible structures achievable by anodisation of the heavily doped p-Si were
fabricated by varying the etching parameters and the etchant composition. It was
found that all the fabricated layers could be classified according to three distinct
morphological classes, each of which was associated to a distinct surface chemistry. It
was also found that regardless of the fabrication conditions, the PSi layers in each class
possess almost identical microstructural, physical and chemical properties but the
classes are very different. This study revealed that it is relatively straightforward to
select specific fabrication conditions to achieve a PSi layer with specific
microstructural and chemical characteristics for a defined application.

Transmission electron microscopy (TEM) studies revealed that the meso-PSi from type
I (pore size between ~15 to ~25 nm) and type II (pore size between ~30 to ~70 nm) are
perfectly single crystalline. On the other hand, the usage of the phonon confinement
model (PCM) for PSi was debated. It was found that the assumptions in the PCM, such
as the crystallite shapes and uniform size distribution do not match the real
microstructure of PSi revealed by TEM imaging. It was also shown that the use of the
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Boson peak to verify the presence of the amorphous phase in PSi layers is much more
reliable than the deconvolution of the first-order Raman band at 520 cm-1. The secondorder Raman scattering bands were taken into account for a reliable microstructural
characterisation of PSi. This study may be readily extended to other silicon
nanostructures such as nanowires and quantum dots.

The effects of the etching time on the microstructure of meso-PSi were also examined.
It was shown by using Raman spectroscopy and electron microscope images that
prolonged etching is able to generate the three different classes of pore morphology in
one sample. Finally, all the findings were used to fabricate layers with desired pore
shapes, such as PSi with a pore size gradient along the thickness and also thick PSi
layers with very large pore sizes.

The effects of the Raman laser irradiance on the PSi layers were studied. It was
demonstrated that the level of safe laser irradiance for bulk silicon should be
considered separately from that for silicon nanostructures. It was shown that even
very low laser irradiance can cause substantial alterations in the Raman spectra of
silicon nanostructures due to local heating. This was identified as the likely cause of
many controversial observations in the literature. Furthermore, the origin of the
scattering bands located in the admixed phonon scattering region of the Raman spectra
of silicon nanostructures are the results of simultaneous two-phonon and surface
phonon scattering.
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7.2

Suggestions for Further Studies

This study focused on different areas including fabrication of different porous silicon
structures and their microstructural and chemical characterisation of them by EM and
Raman spectroscopy, synthesise of two novel metal structures, fabrication of SERS
substrates and application of the SERS substrates in molecular detection. Despite the
intense efforts devoted to all the areas, countless questions remain unanswered. These
are given as suggestions for further studies.

7.2.1 PSi Related Suggestions


A preliminary TEM study showed that there remain misunderstandings in the
literature regarding the crystallinity and the pore morphology of the stain
etched PSi (S-PSi). A systematic EM study is required to revisit the effects of the
fabrication parameters on the pore structure and crystalline properties of the
S-PSi. This may include trying new etchants to optimise/alter the fabrication
conditions to produce a microstructure for specific applications.



Another PSi type which has not been studied well is micro-PSi. This type of PSi
has a pore size ranging from less than 1 nm up to ~2 nm. Optical and electrical
properties of micro-PSi were the centre of attention in 1990s, due to its
excellent photoluminescence properties. Nevertheless, due to its small pore
size, the microstructure of this layer has remained unclear. Knowing about the
microstructure of micro-PSi may help in gaining an understanding of the origin
of the photoluminescence properties of the semiconductor nanostructures.



Investigating the reaction mechanism of the silicon anodisation in the presence
of dry surfactants such as ACn, DMF, DMSO and TMAH can be useful for
modifying the pore structure in all the types of PSi. Uniformity, etching rate,
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pore size, pore shape, optical and crystalline characteristics are some examples
of PSi properties that can be altered by using the mentioned surfactants. This
was also confirmed by another primary study. The mentioned surfactants were
used in different concentrations to prepare PSi layers and their pore structure
was investigated in another unpublished short study.


Metal-induced silicon etching is proven to form many different porous
structures in different forms, such as typical porous layers and also nanowires
in porous and solid form. Fabrication of all the possible structures using metalinduced silicon etching and microstructural characterisation of them can be
useful, as this method might be an excellent replacement for the electrochemical
etching for some applications, such as drug delivery.

7.2.2 SERS Related Suggestions


The fabricated SERS substrates in this study should be taken to the next
level. The substrates should be tested for different chemical detections, such
as pharmaceutical substances, biomolecules, herbicides, pesticides and also
gases to understand their potentials and limitations.



Surface functionalisation of the metallic particles should be investigated in
order to produce a selective SERS substrate for diverse sensing applications.



A detailed investigation of the formation mechanism, crystalline and optical
properties of the gold nanothorns and silver dendrites can bring new
insights to employing them in other applications.



Metal-induced PSi nanowires can be used as an alternative for the initial
substrate for the gold and silver deposition by using the same approach used
in this study.
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