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ABSTRACT

3-D Fibrous Network of TiO, Nanoparticles: Raman Sensor Development
Bachelor of Engineering, 2010

Dmitry Maznichenko

Master of Applied Science, Mechanical Engineering

Ryerson University

A 3-D nano-fiber particle network of TiO, nanoparticles is synthesized by pulsed femtosecond
laser irradiation of a pure Ti substrate. This study investigated the properties of the resulting
nanostructure for chemical and biomolecular detection by Raman spectroscopy. Controlled
tuning of surface roughness, porosity and depth of the 3-D network were found to directly
influence Raman detection. The presented findings support a previously unrealized detection
capacity by TiO,. Crystal violet was used to test the Surface-Enhanced Raman Spectroscopy
(SERS) performance of the developed TiO, sensor pads. The corresponding Raman enhancement
factor was determined to be 1.3x10° which is directly comparable to commercial Ag and Au
based Raman substrates. Bisphenol-A and diclofenac sodium salt were introduced into drinking
water and tested with various sensor pads to develop a Raman detection map. The results suggest

an affinity towards uniform TiO, 3-D nanofibrous networks.
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CHAPTER 1

INTRODUCTION TO TITANIUM DIOXIDE

Nano-technology has been emerging with great potential for commercial and industrial
applications. By definition, the nominal size of nanostructures range from 1 - 100 nm. The
excitement originates from new material properties observed when bulk materials are reduced to
the nanoscale. In this study, titanium (Ti) was chosen for its popular anti-corrosion and strength
properties in bulk. When oxidized, TiO; acts as a semi-conductor with good thermal stability and
biocompatibility properties. TiO, nanoparticles also effectively reflect ultraviolet (UV) radiation
and are in current commercial production for skin sunblock. Additionally, TiO, can accept
electron injection from photo-excited sensitizer molecular states and hence are widely
investigated for solar applications. TiO, may likewise also promote redox reactions and
effectively photodegenerate environmental pollutants under UV radiation.

However, Ag and in particular Au nanoparticles are dominant amongst chemical and
biosensor applications. Their immediate electrical properties are favorable for many commercial
electrochemistry, chromatography and photonic sensing applications. The presented findings will
investigate the use of TiO, nanofibrous 3-D network for Raman scattering spectroscopy as a
viable chemical and biomolecular sensor.

Many different nano-synthesis routes are currently available. They will be briefly examined
and compared to the synthesis method of this thesis—femtosecond pulsed laser irradiation. It
will be shown that every synthesis route tends to yield unique nano-structures that promote

Raman scattering activity.



1.1 METALLURGY
Titanium dioxide is derived from ilmenite ores and mined from rutile beach sand. There are three
naturally occurring crystalline modifications of TiOs: rutile, anatase and brookite.[1] The most
stable phase is anatase for particle sizes smaller than 40 nm and rutile for larger particle sizes.
rutile is a stable form of TiO, when temperature exceeds 750 °C.[2] On the other hand, brookite
is difficult to obtain under any condition and hence studies have been limited. In these
investigations, neither EDX diffraction patterns nor Raman spectrum indicated it was present in
the 3-D nanofiber particle network hence brookite will be omitted from further review.

The basic crystal structure of TiO, is composed of two unit cells. The Ti atoms are placed at
the corners of the cell while the O atoms are in the middle. Variations between phases are due to
the variation in TiOg octahedral linking. Linkage occurs through corners and edges (Figure 1.1).
The density of the crystals is inversely proportional to the number of shared edges. This may be
due to the increase in Ti-Ti interatomic distance which is 2.959 A in rutile and 3.039 A in
anatase. Additionally, anatase has eight unit cells that make up one crystal as opposed to two unit

cells for rutile.[2]

Figure 1.1. TiO; structural polymorphs (coordination number of Ti=6, two unit cells linked by

various corners and edges)[3]



1.2 NANOSTRUCTURE SYNTHESIS
There are many processes used by the industry to manufacture nanomaterials and
nanocomposites. The general mechanisms for TiO; are presented below: [4]
e gas phase processes (i.e. flame pyrolysis, high temp. evaporation and plasma synthesis);
e vapour deposition synthesis;
¢ liquid phase methods (i.e. colloids by chemical solvent reactions); and
¢ mechanical processes including grinding, milling and alloying.

The most common TiO, modification is through liquid phase methods (Figure 1.2). The
monolith architecture can also be used for thin film and mesaporous film synthesis. However,
nanoparticles are the most common form of titania for academic laboratory research and
commercial applications as introduced earlier. They are also used in compound form for more
advanced synthesis of nanostructures. Since nanostructures are the most relevant to the present

research, titania nanoparticle review will end here.

sol-gel / hydrolysis :rt' () I

thermal treatment : Q I

colloid agueous 2-DTiO; Eli;ﬁ;ﬂ;g
titania network a. ﬂﬂooﬂg powder

@ %__,..E.H b. @aggregate
@ (sol) ¢ (gel) C. \eafeafgg monolith

Figure 1.2. TiO; nanoparticle synthesis review

There are currently three main ways to modify TiO, beyond the first dimension. Varying from
the lowest to highest effective surface areas, they are horizontal nanotube clusters, vertical
nanotube arrays and nanowires. The corresponding synthesis techniques require stringent process

control with pre- and post-processing.



TiO; nanotubes are somewhat straight and short sections of thin walled tubing. They are
generally synthesized through hydrothermal techniques. Such techniques require a mixture of
titania nanopowder with an aqueous solution of NaOH. The relative constituent amounts
determine nanotube purity and size. lons may also be introduced in this step for additional
modification yet the study so far is undeveloped. The mixture is then hydrothermally treated at
temperatures up to 300 °C for over 48 hours. To complete the process, the precipitate is filtered
and then washed with deionized water and with alcohol before drying.

The basic formation mechanism is driven by H-deficiency which leads to layer sheet cleavage
and the formation of sheet-rolled multiwalled spiral nanotubes.[5] Residual anatase nanoparticles
are clearly evident at low treating temperature and short duration (Figure 1.3).[6] However, these
nanotubes are under speculation concerning their formation and construction. Some researchers
claim they do not share TiO, properties and cannot be considered a pure titania construction. The

Ti/O atomic ratios vary and the anatase phase could not be repeated.[7]

Figure 1.3. TEM scans of high-purity nanotubes at optimum conditions (left) and sub-optimum

e o
= I iy
d ‘-I'I-.Ei;t- "

conditions (right)[6]
The vertical nanotube arrays are typically 50 nm in diameter with thin walls. They are
synthesized on a level substrate either with a template (Figure 1.4) or by anodization bath
chemistry. Titanium isopropoxide is oxidized in a reagent mixture at around 500 °C. Same as for

the planar nanotubes described earlier, the process is completed by repeated washing steps.[8]



Figure 1.4. Porous anodic alumina (left) used as a template for titania nanotubes (right)[8]

Pre-process doping is also possible. For example, annealing titanium foils and titania films in
a hydrocarbon flame forms carbon-doped titania. With the anodization process, doping may be
performed during the chemical bath process. Here, N has proven to be an effective substitutional
element due to its comparable ionic radius and p-state compatibility with oxygen. Additionally,
anodization experiments offer a high resultant sensitivity to titania nanotube morphology by
changing applied voltages, electrolyte concentration and oxidation times. [9]

In contrast to titania nanotubes, titania nanowires are amorphous with no hollow core.
Nanowire diameters can range from 20 nm to 200 nm with lengths up to several centimeters. The
resulting 2-D layering is also the closest architecture to a fully 3-D network (Figure 1.5).
Nanowire synthesis is most developed with electrospinning. Electrospinning relies on a precursor
anode accelerated by high voltage from the Taylor cone to the cathode target. The precursor is a
mix of poly(vinyl pyrrolidone or acetate) and titanium tertaisopropoxide in an alcohol solution.
A conversion to anatase requires calcinations at about 500 °C in air. The controllable parameters

include precursor mixture concentrations, applied voltage and the precursor feeding rate.[10]



Solution feading

Orifice
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Figure 1.5. Electrospinning process of TiO,, SEM scan inset[10]

1.3 PREVIOUS LAB GROUP STUDIES

In the lab that this research was performed, it was first predicted by Tan and Venkatakrishnan
(2008) that it may be possible to form nanofiber structures from titanium by femtosecond laser
ablation with MHz pulse frequency at ambient room conditions.[11] This theory was based on
similar results from irradiating Group XIII and Group XIV materials including graphite, lead,
aluminum, tin, glass and Sn-In-Pb-Bi compound. The study was continued by Sivakumar et al.
(2010) and found that irradiation of Ti can lead to a formation of rutile phase structures and
generalized that 2 MHz — Imsec results in the threshold laser fluence for nanostructure
formation[12]. Tavangar et al. (2011) applied TiO, nanofibers in the biomaterials application
using 4, 8, 12 MHz — 5 msec parameters. These parameters were thought to have varied surface
porosity. Both rutile and anatase phases were found by X-ray diffraction analysis.[13]

However, these synthesis parameter studies were severely lacking optimization. There is no
way to generalize how a molecular sensor may perform based on these preliminary experiments.

For example, 26 MHz is thought to have much better repeatability [14] yet was not studied for

6



Ti0, synthesis. Also, the network depth study is crucial in understanding the effects of confocal
detection volume for Raman scattering. The irradiation times could have significant impact on
detection capacity by a nanofibrous network, yet only the 5 msec dwell time was chosen in
previous trials. This study will continue on the knowledge built up from previous work on TiO,
3-D network nanofiber synthesis to develop a functioning molecular sensor for Raman
spectroscopy.

1.4 MOLECULAR SENSING
Nanoparticles (NPs) provide a special interface for adsorbed molecules. As introduced to this
research, Ag and especially Au nanoparticles possess highly active molecular properties. Firstly,
NPs can immobilize molecules. Electrostatic interactions are common where some molecules
can have preferential adsorption based on NP charge. Secondly, nanoparticles can act as a
catalyst in electrochemical reactions. Thirdly, NPs can enhance electron transfer. [15] Although
once again this makes Au and Ag very popular for sensing applications, TiO, is likewise
dominant in dye sensitized electron injection such as for solar cell applications.[16]
Consequently, such chemical adsorption affinity to TiO, has yet to be exploited for molecular
Sensors.

Current molecular detection assisted by TiO; is through electrochemical methods. In
particular, cyclic voltammetry is the most popular detection method of biosensors. It relies on
minute changes in registered current as a result of adsorbed biomolecular species through
functionalized surfaces. The functionalization is performed by electrochemical immobilization of
a particular enzyme receptor (eg. glucose oxidase). The electrochemical oxidation of hydrogen

peroxide (H,O,) is typically used as a proof of biosensor performance.[17]



At the same time, cyclic voltammetry has profound drawbacks that require stringent process
control for dependable and repeatable results. For instance, the oxidation of H>O, requires high
overpotential where noise from other oxidizable species is present. In this range TiO, is an
insulator and cannot be used directly for electrochemical studies. Therefore, mesoporous TiO,
films serve mainly for diffusion control purposes (Figure 1.6). TiO, films however do exhibit an

electrocatalytic affinity towards H,O, reduction in the presence of dioxygen.[17]

(TP
4

100

-

0.5  E /v vs AglagCl

100

Figure 1.6. Cyclic voltammogram showing quasi-reversible redox signal of ferrocyanide on

SnO, as diffused through the semi-conducting TiO, mesoporous film[17]

Gas sensing is another popular TiO, sensing application. Gas sensing is needed for industrial
process control, combustion control and medical applications. At elevated temperatures (upwards
600 °C), TiO; is non-stoichiometric and its resistance changes upon gas exposure. This property
has previously enabled successful detection of carbon monoxide[18] and NO,.[10] Titania
nanotubes with chemisorbed hydrogen have also shown changes in resistivity by removing

chemisorbed oxygen (at ca. 300 °C). [19] To better explore the molecular sensing potential of



TiO, beyond gas at elevated temperature, more of the emphasis has to be on its optical
properties.

In Raman spectroscopy, electromagnetic radiation (commonly visible laser light), is applied
incident to a surface. Three phenomena may occur with six possible interactions (Figure 1.7).
First of all, the light may transmit through the substrate and there will be no signal. Second, the
light may be absorbed as energy by the surface (infrared, absorption and absorption-
fluorescence). The third option is that light may scatter (Raleigh, Stokes and anti-Stokes). The
amount of scattered light depends on the first two factors. To enhance the Raman signal, it is

desirable to promote conduction band electron (i.e. plasma) coupling as much as possible.

A \ excited electronic
state
h Vasg
hv, virtual states
-

vibrational
states
Y A J round

. ' o

infrared absorption fluorescence Raleigh Stokes anti-Stokes state

Figure 1.7. Light interaction with a surface where the relative colours represent typical

wavelengths used in experimental setups

Surface-enhanced Raman spectroscopy (SERS) is the main focus of this study. The technique
relies on special nanostructuring of materials to achieve localized surface plasmon resonance
(LSPR) which enhances the Stokes-shifted EM fields. Au and Ag boast unperturbed plasmon
resonance and hence simple nanoparticle geometry is enough to provide the highest SERS
sensitivity to date. For other materials such as TiO,, the high dielectric damping and poorly
defined conduction band electrons demand advanced nanomanufacturing techniques to achieve

9



comparable SERS activity. A sub-category of SERS is resonance SERS (i.e. SERRS) where the
excitation wavelength is matched to the maximum absorbance of the molecule being
investigated. Another sub-category is tip-enhanced Raman spectroscopy (TERS) that relies on
probe microscopy (such as atomic force i.e. AFM) to enhance the local EM field.

Coherent anti-Stokes Raman spectroscopy (CARS) uses two laser beams to generate a
coherent anti-Stokes frequency beam, which can also be enhanced by resonance of a particular
vibrational mode. The advantage is that the coherent nature of CARS can be more sensitive than
spontaneous Raman microscopy. This in turn significantly reduces the average laser excitation
power from mW to uW regimes. This is an important result as some chemical and biological
systems have low EM damage thresholds. Sensitive aqueous epithelial cell mapping was

demonstrated by Volkmer et al. (2000) by using this technique (Figure 1.8).[20]

Figure 1.8. Epithelial cell DNA mapping using the 1000 cm™ wavenumber for CARS[20]

Raman spectroscopy relies on a charge-coupled device (CCD). Since visible light excitation is
used, the CCD is usually a visible light detector of scattered energy. For some samples,
fluorescence may dominate the acquired spectra therefore demanding the use of longer infrared

wavelengths. In this case, interferometers are used instead of CCDs. Fourier transform (FT) is
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necessary to translate the acquired data to the frequency domain. However, FT infrared Raman
methods are limited due to lower spatial resolution as dictated by wavelength dependency.[21]

Raman vibrational spectroscopy has evolved into a real-time analytical tool for species
characterization. It is label free, non-invasive and unaffected by water in aqueous solutions.[22]
As mentioned, SERS relies mainly on unperturbed plasmonic resonance. This makes various
nanoparticle geometries of Au,[23] Ag [24] and Au-Ag composites [25] popular for optofluidic
and chromatography SERS devices. However, Au typically needs a surfactant for stabilization
such as toxic cetyltrimethylammonium bromide (CTAB).[26] As well, smaller Au nanoparticles
tend to be used despite worse SERS performance. Ag is several orders of magnitude more SERS
active than Au,[27] but the notorious oxide layer of Ag induces fluctuations in SERS as well as
Raman laser-induced structural changes.[28]

On the other hand, TiO; is thermodynamically stable,[29] attracts water and water soluble
molecules,[30] favorable for bio-molecular bonding [31] and it is corrosion resistant with a
stable oxide surface.[26] The 3-D nanofibrous network presented here features additional
characteristics in favor of species detection by SERS. Firstly, the high dielectric damping of TiO,
is alleviated by various electromagnetic phenomenon of the nanofiber such as the nanogap,
nanocluster and plasmonic hybridization. Secondly, the depth of the nanonetwork fully utilizes
the laser’s confocal volume for detection of Stokes shifted photons. Thirdly, the porosity controls
molecular diffusion which is critical in micro-spot sized optical spectroscopy techniques.[32] In
this study, controllable surface roughness and porosity which was directly related to SERS
activity of BPA and DSS was investigated. These findings directly impact SERS sensor pad

development towards chemical and bio-molecular sensing applications.
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1.5 RESEARCH OBJECTIVE
The objective of this research is to use traditionally inactive TiO, for Raman sensing applications
to be directly competitive to commercial Ag and Au Raman sensors. There are three main tasks
to complete towards this objective:
1. Characterize which nanofiber network features are tunable towards Raman sensor
development:
a. synthesis parameter effects;
b. morphology;
c. phase constituency; and
d. mechanical properties.
2. Evaluate the TiO, Raman performance activity:
a. contributing EM mechanisms;
b. test the sensor SERS response from different nanofibrous networks (variable by
synthesis parameters); and
c. determine the Raman enhancement factor.
3. Demonstrate molecular sensing capacity:
a. crystal violet;
b. bisphenol-A;
c. diclofenac sodium; and

d. develop sensor engineering criteria.
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CHAPTER 2

RAMAN SPECTROSCOPY OF TITANIUM DIOXIDE

The crystal structure of TiO, phases was first studied in 1916 by Vegard with model refinements
as late as 1970s. The peak positions are characteristic of lattice vibrations. This means that
although the peak intensity may vary, the Stokes shifted peak wavenumbers (cm™) cannot shift
significantly without crystallographic modification. Nonetheless, optical phenomenon such as
peak splitting may occur and give rise to additional peaks.

2.1 PLASMONICS
The collective conduction electron resonance of an ion metal core is referred to as plasmonics.
Plasmonic studies are necessary in explaining TiO; nanoparticle EM activity. The resonance
frequency for bulk plasma is represented by Eq. 2.1. [33]

ne? Eq. 2.1

gm

2
(l)p—

where 7 is the number density of mobile charge carriers, e is the carrier charge, m is the carrier
mass and &, is the relative permittivity of free space. EM radiation, such as visible laser light can
be used to excite this plasmonic resonance. If w,, is above the incident frequency, the charge
carriers will reflect the incident waves. For example, Wy, for TiO, is in vacuum UV which means
visible light will be reflected and TiO, will appear white—as it does. Localized Surface Plasmon
Resonance (LSPR) occurs when w,, equals the incident frequency. It is common to describe the
vibrational frequencies in terms of wavenumbers (cm™) which are obtained by dividing the
actual frequency by the velocity of light or by inverting the wavelength.[34]

The highest degree of phonon confinement is three-dimensional, where quantum dots and NPs

internally reflect the energy by the surface interface. A tuneable confinement response (i.e.
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changes in the dielectric properties) results in various Au and Ag NP visible colors as applied in
antiquity with paintings and glass decorations.[34] This phenomenon is also applicable to
molecular sensing as the absorption wavelength (extinction maximum spectra) can vary by
applied analytes.[35]
2.2 CHARACTERISING SPECTROSCOPIC PEAKS

To determine the Raman frequencies analytically, it is necessary to determine the force constants
of the crystal lattice. One way to approach this problem is by potential energies and force
constant empirical assumptions. The difficulty with empirical results is that the peaks may
slightly deviate due to stoichiometric deviation of TiO, varying by preparation techniques.[36]

Crystals with discrete molecules or ions may exhibit vibrations of the lattice structures.[37]
For TiO, there are two molecules with six atoms per cell which corresponds to 15 possible
vibration modes.[38] Vibrational modes have been developed and represented in non-reducible
forms. From such, it was found that some vibration modes are Raman active. Other modes are
active in infrared parts of the electromagnetic spectrum or not active at all.

Based on the vibrational response, the incident energy may be Stokes (energy loss) or anti-
Stokes (energy gain) shifted or Raleigh scattered. However, only the Stokes shift is usually
detected in Raman spectroscopy. For Raman activity, the molecular polarizability must change.

For infrared activity, the dipole moment must change. This is demonstrated by Figure 2.1.

0< Noll >0 o<= ¢! 0 0! 1C 10
Raman active Infrared active Non-active
(change in polarizability) (change in dipole) (translation or pure rotation)

Figure 2.1. Variations in energy shifts determining activity for CO, [37]
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In addition to fundamental modes of vibration, secondary peaks may be realized whenever

there is more than one atom in a molecule. As a result, there is greater uncertainty in obtained

results if, for instance, there are too many peaks close together making it difficult to differentiate

between states (such as with two phonon scattering). However, the total scattered intensity would

increase.

2.3 RUTILE PHASE

In total, rutile has 15 optical modes.[39] Figure 2.2 shows that the £, mode has three

combinations that are doubly degenerate, or two couples that tend to reduce the lattice

momentum. The B;, mode however tends to enhance the lattice momentum therefore it is a

generate type.

e

@)

@D

N

2
@

o
1g

Z

+

el

Z

2y )]
B%u ° Bieu © © BEQ EQ
C_:@ - o@ e c:;@ a1
@«Q é@@ d@O
7 Za 7
T (G e Are
EL EE Ed

Figure 2.2. Lattice vibrations of rutile, small circles represent Ti atoms, the large circles represent

O atoms and shaded indicates out of plane, the basal plane is represented, where "+ indicates

above and "-" indicates below the basal plane [39]
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The character table of the point group D4, shows irreducible representation for the 15 optical
modes given by Eq. 2.2:[37]
14,4 + 14,4 + 245, + 1By 4 + 1B, + 2By, + 1E, + 4E,, Eq. 2.2
However, from Eq. 2.2, one A, and one E, mode are translations—and as with pure rotations—
are not considered for spectroscopy. The vibration modes representation for rutile are reduced

from Eq. 2.2 and shown below by Eq. 2.3:

(1A19 + 1Blg + 1B2.9 + 1Eg)Raman + (1A2u + 3Eu)infrared Eq.2.3

+ (14,4 + 2Byy,)

inactive

The result from Eq. 2.3 is to expect four Raman active frequencies and four infrared active
frequencies. The Raman active frequencies have been analytically determined by Dayal by
determining force constants through potential energy and empirical assumptions with results
presented here for the Raman active frequencies by Eq. 2.4:[39]

Ajg:4m?v®m = 1.8K; + 2K, + .32K;
Byg: 4m*v*m = 1.8K; + 2K, + 5.3K;
By, 4mv®m = 32K, Eq.24
E, : 4m*v®m = 6K, + 2.34K, + 2K;

It may be noticed from the above equation set that the mass of Ti atoms or M does not affect
Raman active frequencies. This is because the Ti atoms are at rest in Raman active modes and
only O atoms with mass m are resonated at frequencies v. Moreover, mode B, is degenerate
where all atoms resonate in phase.[39] However, B, is also degenerate and has the largest
multiplicative factors. Consequently, B, is expected to have the highest resonant frequency. On
the contrary, Ti atoms will oscillate in infrared modes. A summary of experimental data for
Stokes shifted energy for rutile is shown by Table 2.1.
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Table 2.1. Observed spectrum and associated vibrational modes of rutile

Intense Bands (cm'l) Vibration mode Broad Bands (cm’l) Vibration Mode
Raman 609 " Ag, 143 eI B,
611 [37] 144 [37] [41]
612 [38] [41] [42] 154 [40]
446 [40] Eg 826 [38]142] BZg
447 [38] [42] 827 [41]
448 [37][41] 828 [37]
Infrared 183 388 500 181142 E, (TO)
515 3
373 458 806 81142 E, (LO)
352 423 608 44
167 D8I A, (TO)
811 B81142] Az, (LO)
695 441

The Raman active peaks are demonstrated by Figure 2.3 for rutile.[40] The 239 cm™' peak is a

combination peak that is related to the B, mode. This phenomenon is observed by varying the

preparation technique. Variations in vibration mode wavenumbers could be expected as

summarized earlier by Table 2.1.
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Raman shift ([cm’)

Figure 2.3. Raman spectroscopy of rutile, the 521 cm™ peak results from the Si substrate[40]
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2.4 ANATASE PHASE
Two-phonon scattering is weaker in anatase than in rutile. Moreover, rutile exhibits stronger
scattering under second-order vibrations. Therefore, it is expected that anatase will have sharper

intensities than rutile.[44] The lattice vibration representations are shown by Figure 2.4.

REV.1e
7
Rigl V)

() EglVe) Eqils! E 0! E W)
Figure 2.4. Lattice vibrations of anatase, solid circles are Ti, hollow circles are O atoms, the

basal plane is midway up the represented cubic[1]

The character table of the point group D4, shows irreducible representation for the 15 optical

modes and is given by Eq. 2.5: [1]
(1Alg + 2Blg + 3E9)Raman + (lAZu + ZEu)infrared + (1BZu)inactive Eq' 25

The result from Eq. 2.5 is to expect six Raman active frequencies and three infrared active
frequencies. A summary of experimental data for Stokes shifted energy for anatase is shown by

Table 2.2.
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Table 2.2. Observed spectrum and associated vibrational modes of anatase

Intense Bands (cm™')  Vibration mode Broad Bands (cm')  Vibration Mode
Raman 398 515 B, 624 DO E,

400 515 17 630 ¢

397 140 639 140!

408 [36] 640 [37] [41]

410 ¢!

5151 Al

519 17!

520 1!

144 197 7 E,

145 197 1401

147 198 !
Infrared 525 144 Az, (TO)

347 700 4 E, (TO)

The Raman active peaks are demonstrated by Figure 2.5 for anatase. Notice that it is difficult
to resolve the second resonance of the B;, and the fundamental A;, modes at 521 cm™'. Variations

in vibration mode wavenumbers could be expected as summarized earlier by Table 2.1.
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Figure 2.5. Raman spectroscopy of anatase, the 521 cm’ peak results from the Si substrate[40]
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CHAPTER 3

EXPERIMENTAL MATERIALS AND METHODS

There were three major experiments carried out under this study. The first experiment used
Raman spectroscopy to track the surface enhancement between varying laser patterning
parameters. The second set dealt with crystal violet (CV) dye enhancement. The third set of
experiments dealt with the application of two aromatic chemicals with varying laser patterning

parameters. The equipment used and materials are summarized in this section.

3.1 FEMTOSECOND PULSED LASER

A pulsed Yb-doped fiber amplified femtosecond laser was used to generate TiO, nanofibers from
a commercially pure Ti substrate. To reduce the already large number of synthesis combinations,
the laser central wavelength (515 nm as a generated second harmonic), power (16 W), pulse
duration (214 fs), polarization (circular) and piezo scanning speed (1000 pm/sec) were kept
constant under single mode-locked pulse irradiation. These parameters were selected based on
the earlier investigation of Ti nano-fiber synthesis.[12]

Variations in pulse repetition (2, 4, 8, 13 and 26 MHz) and the effective number of pulses (1,
5, 10, 15, 20 and 25 msec duration) were carried out to see the effect on nanostructure generation
and characteristics. The 5x5 mm area with 50 um point spacing irradiation array pattern was first
plotted on EzZCAD® software. Once galvanometer scanning was initiated, the acousto-optical
modulator blocked irradiation between successive points. As a result, the intensity of the laser
beam becomes time averaged and may vary from zero to more than 85% of the incident beam
[45]. The general setup is represented by Figure 3.1. It is also readily possible to design various

channels and junctions if desired.[46]
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Figure 3.1. TiO; nanofibrous network sensor pad synthesis tailored towards favorable SERS

interface characteristics

The average fluence per target area is defined as the average power per laser spot area or

alternatively represented as:
¢o = 4P | ifw? Eq. 3.1

where P is the average femtosecond laser power (16 W), o, is the theoretical spot size diameter
(m) and f is the laser repetition rate. Transverse irradiance patterns (TEM modes) may be
manipulated for varying spot image projection. By suppressing the gain near the edges of the
beam, a fundamental TEM(, mode is achieved. This mode focuses a single spot with a Gaussian
transverse profile and a nearly spherical wavefront. The theoretical laser spot is therefore: [47]

W= 2AF / mwy, Eq. 3.2
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where A is the laser wavelength (515 nm), F is the effective telecentric lens focal length (12.478
mm) and oy is the beam waist diameter (8 mm).

The minimum irradiation fluence required may be achieved by a single pulse or multiple
pulses in a short timeframe.[46] From Eq. 3.1, it may be seen that with an increasingly smaller
machining spot radius, it is necessary to increase the power for the same fluence. Yb-doped fiber
amplification was critical in this research to achieve the sub-micron spot radii. Yb-doping is
ideal for fsec pulse amplification while retaining a high degree of efficiency.[48]

Irradiation laser fluence was considered to investigate the TiO, network synthesis parameters.
Multiple pulses are more efficient than single pulses due to a threshold reduction. The threshold
fluence reduction by the incubation principle after Jee et al. (1988) is represented as: [49]

ben(n) = Gep(D(EH ! Eq.3.3
where ¢ is the irradiation dwell time (sec), fis the laser repetition rate (Hz), ¢, (1) is the
threshold ablation fluence with one pulse (0.28 +£0.02 J / cm? for Ti) and S is the incubation
coefficient (0.83 £ 0.03 for Ti).[50] Appendix A.5 summarizes these effects for the parameter set

of investigated sensor pads.

3.2 MATERIALS
Grade 2 commercially pure titanium (98.9%) was used in all experiments (0.125 in thick). The
surface was finished by fine 600 grit sandpaper grinding. The surface was then carefully wiped
clean with no applied chemicals.
Crystal violet (CV) is a popular dye used in SERS due to its large Raman cross-section. To
test the TiO; substrate response, one drop of CV 8x10°M (note: the “8” was previously not
presented) solution was applied over the nanofibrous network through an 18g syringe needle.

This procedure was repeated for the most active substrates determined earlier. The concentration
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was chosen such that a clear Raman spectrum just begins to appear when using commercial Ti as
the substrate.

To simulate pollutant detection using Raman signals under environmental conditions, drinking
water was used as a solvent for BPA and DSS. No reporter molecules were used. Drinking water
analysis revealed that Na, Ca, Cl and CI” are the most concentrated inorganic materials. SERS
contributing elements were also studied but were found to be relatively negligible (Appendix
A.l).

Dried residue and aqueous solutions of DSS and BPA were investigated under Raman
spectroscopy. The aqueous solutions were mixed 1% chemical by volume with drinking water
and applied immediately prior to Raman spectroscopy measurements. Dried residues were
prepared the same way as the aqueous solutions, but subsequently dried on a hotplate at 60 °C.
Both BPA and DSS are thermally stable at 60 °C.[51] Each particular experimental condition

was repeated on average 5-7 times across different points for a particular sensor pad.

3.3 SURFACE CHARACTERIZATION

For surfaces with a high density of nanofibers, it was necessary to gold coat the nanonetwork due
to excessive Scanning Electron Microscope (SEM) charging. Also, Energy Dispersive X-ray
(EDX) analysis was carried out on a 1000x magnified area. The area was chosen such that
several irradiated points were under the same analysis.

For transmission electron microscopy (TEM), a carbon grid was used to swab the sample and
then the grid was scanned. During scanning, contamination was observed by a growing layer on
the particles. This effect was minimized by varying TEM parameters as well as the physical

setup. EDX analysis was also carried out across a single particle to verify the nanostructure
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composition. This equipment was used at the Centre of Nanostructure Imaging, University of
Toronto.

Low scanning speed AFM contact mode was used to penetrate the nanofibers and reveal the
surface morphology. SEM was used to qualify the 3-D network porosity changes and general
sensor pad topography. Scanning near-field microscopy (SNOM) at 514 nm with an aluminum
coated fiber probe (nominal aperture 100 nm) was used to study optical roughness of individual
micro-vias. Additional experimental details are presented with Appendix A.2.

Raman spectroscopy is particularly useful due to low spectral interference from water.[52]
The Raman machine used a laser with a 532 nm wavelength at 100 mW. The irradiation power
was reduced to 1 mW by using a D2 filter. The equipment limited lower wavenumber was 150
cm™. DSS and BPA spectra beyond 1650 cm™ are lower intensity summation bands representing
a minority of characteristic vibrational modes thence were not considered for acquisition.[53]
The scattering energy parameters were chosen based on trial-and-error for repeatable spectra
results with minimum noise. The exposure time was 7 sec with a five time repetition. A D2 filter
(reducing power to 1 mW) with a 50x objective was used. No laser heating effect is expected
under such conditions.[54] This equipment was used at the Institute of Optical Sciences,

University of Toronto.
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CHAPTER 4

NANOFIBROUS 3-D NETWORK

Nanofibers are quasi-organized nanoparticle clusters possessing special properties. For example,
Song et al. (2009) demonstrated a sevenfold immunoassay improvement by using planar Au
nanofibers.[55] Nanofiber inherent porosity also serves to control molecular diffusion that
improves the Raman laser optical trap effectiveness.[24] For detection by SERS, traditional
nanoparticle substrates are tunable mainly by the nanogap and nanocluster phenomenon.[23]
Figure 4.1 demonstrates the ability to control the nanofiber network and the surface support
characteristics during synthesis. Increasing the effective number of laser pulses (msec) increases
the nanofiber density. Lowering the pulse repetition (MHz) increases the laser fluence which in

turn affects substrate morphology. The morphology resulting below 13 MHz (e.g. 8 MHz) is

similar but with larger mean nanofiber particle sizes.

Figure 4.1. Summary of nanofiber generation and coverage for 26 MHz and 13 MHz laser pulse

repetition rates and varying durations (SEM, bar scale is 10 pm-black and 1 um-white)

25



It was found that morphological variations of the circular microvias (Figure 4.1) do not have a
significant impact on the Raman detection of CV (Appendix A.2). This was an expected result
since the nanofibrous network act as a porous support for CV adsorption and hence keeps the
molecules in focus. The implication of this result is that the irradiation pattern of Figure 4.1 can
be readily designed to include various channels and junctions.[46]

4.1 PLUME CHARACTERISTICS
When the laser is tightly focused on a target surface, a plume may form at the target depending
on the material and the minimum laser fluence. The plume will then promote nanostructure
nucleation. Whether these structures form when suspended in the plume or on the substrate under
the plume pressure is so far under speculation.

One popular mechanism for explaining nanofeature formation is vapour condensation. In this
technique, a vapour with a high pressure and temperature will initiate a plume.[12] It was noted
that “smaller particles are attributable to nucleation and condensation of vapour in the plasma
plume while larger ones are due to the explosion of molten material because of high plasma
pressure”.[12] Such classical nucleation theories were originally developed for aerosol studies.
They cannot predict nucleation rates of metals such as Ti with simultaneous oxidation to TiO,
that occurs in the ultra-fast sub-ms regime. Such theories provide only a philosophical
understanding and need further development towards femtosecond laser ablation simulations.

Zeng et al. have classified the plasma plume to consist of three propagation fronts (Figure
4.2).[56] The first one contains vaporized atoms and ions which move the fastest. The second
front consists of clusters which make up the majority of emitted species. The last front is liquid

droplets in the micron or submicron range.
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Figure 4.2. Plasma evolution for fs (left) vs. ns (right) lasers, notation as follows: S-shock front,

I-ionization front, C-air breakdown plasma [56]

Femtosecond lasers have superior material processing features over longer pulse duration
lasers. This is due to a high attainable resolution. Additionally, much lower laser fluence is
required due to the absence of thermal losses.[57] This is also because for a femtosecond laser,
the pulse is short enough that no significant plasma interaction occurs (Figure 4.2).

4.2 NANOFIBERS
Various TiO, nanomorphologies have been synthesized by other research groups including
colloidal thin films,[58] nanotubes,[59] and nanorods[60]. However, the TiO, nanofibrous 3-D
network is highly unique to this research group. The TiO; 3-D network is composed of 15 — 150
nm diameter crystalline nanoparticles that are chained to form nanofibers (Figure 4.3). The
nanofiber particle size distribution promotes good solute adsorption to larger nanoparticles while
SERS stabilization is achieved by the smaller nanoparticles.[61] Micro-via effects on Raman
spectroscopy have been included with Appendix A.2.

For TEM imaging, artificial structuring problems may arise when transferring the nanofibers
from the substrate to the grid. As shown by Figure 4.3, the general morphology tends to remain

the same. Nonetheless, when analyzing subsequent grid images, some distinction will be made
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between nanoparticle aggregation resulting from the femtosecond pulsed laser synthesis and

clustering due to grid transfer.
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Figure 4.3. Initiation of TiO; nano-fiber formation; left side scans are SEM, right side is TEM

As the synthesis continues (msec regime), the fibers develop more intersection junctions
(bottom right Figure 4.4). The junctions promote 3-D spatial growth within the plume and result
in effective network stability and porosity. The top right inset of Figure 4.4 shows the developed

TiO, nanofibrous 3-D network.
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Figure 4.4. TiO, nanofibrous porosity development; images are TEM, top right is SEM

From Figure 4.5, O and Ti were identified by EDX and atomic weight was additionally
determined to be 75% O and 25% Ti. Significant O content was expected due to the high
irradiation temperature and instant oxidation of Ti.[11] Figure 4.5 also shows that O and Ti are in
one crystalline state within the nanoparticle. This was indicated early on under TEM beam

focusing by white diffraction spot convergence.

i 2 .
Full Scale 1339 cts Cursor: 004 kel

Figure 4.5. EDX analysis of TiO, nanofibers. The area scan window size is 100x80 pm. The
white line section of the nanoparticle is Ti, the black line is O and the dotted line is phosphorous

(background noise)
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During the synthesis process, the nanofibers were collected from the plasma plume species on
an Si substrate. The results are shown by Figure 4.6. The relative rutile to anatase phases change,
in particular starting from predominantly rutile to predominantly anatase (see Raman
Spectroscopy of Titanium Dioxide for details). When the nanofiber density is high enough, the
anatase phase appears. It is reasonable to assume that the Raman signal is either enhanced for

anatase and/or that anatase is the predominant phase constitution of the nanofibers.
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Figure 4.6. Raman spectra demonstrating synthesis parameter-variable TiO, phase compositions

In addition, the Raman spectrum inset of Figure 4.6 shows that it is possible to have a
dominantly rutile or a mixture of rutile and anatase TiO, phases. Anatase forms at higher laser
dwell time but more predominantly with higher pulse energy (especially below 13 MHz). TiO,
conforms to D4, symmetry with rutile modes detected as B, (144), E, (443), A;; (611) and By,
(825) cm’'. Anatase modes appear as E,’ (144), E,”’ (197), B;,” (400), B;,”’ (515), A1, (519) and
E, (640) cm™. TiO, peak shifting was minimal between the studied sensor pads and was likely

affected by relative TiO, phase mixtures.
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The mechanical properties of the TiO, nanofibrous network were also partially investigated. It
was found the AFM contact probe imposes enough pushing force so as to glide through the
nanofibers. This effect is shown by Figure 4.7. Whether there were nanofiber networks or not,
the AFM scans revealed very similar images which are actually revealing the substrate
morphology. This is an important result as it shows that the synthesized nanofibrous network
may or may not have enough mechanical durability to maintain structural integrity with applied
analytes for sensing. Moreover, the nanofibers may be loose enough as to float off the substrate

and be freely suspended in the analyte solution. These issues will be investigated in Chapter 6.
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Figure 4.7. AFM (left side) and corresponding SEM (right side) for low density (top row) and
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black craters exceed the limiting 5 pm scanning depth
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4.3 SUBSTRATE EFFECTS
The high temperature and pressure gradients induce rapid melting under non-equilibrium
conditions.[62] In traditional nanosecond lasers, the generated heat is transferred to the substrate
and may affect bulk properties. For femtosecond lasers, the time in which heat is dissipated into
the material is slightly longer than the exposure time of the pulse. As a result, there is not enough
time for the ablated area to be significantly heat affected. However, the sample in bulk may still
substantially heat up due to plasma pressure and the specific conductivity of the bulk material.
Figure 4.8 shows resultant cracking and plate sliding on the Ti surface. In particular, AFM scans

reveal significant shear stresses built up as surface deformation is clearly evident.

Figure 4.8. Thermal effects on the Ti substrate from femtosecond laser irradiation (left and

middle are SEM scans, right scan is AFM)

Micro-via formation is a product of single point laser irradiation (Figure 4.9). The depth
saturates with prolonged irradiation time (i.e. dwell times). The depth and width are also a
function of the laser repetition rate (i.e. pulse separation). With progressively lower repetition
rates, the laser fluence increases nonlinerly (Appendix A.5). The end result is that at lower laser

repetition rates, the micro-via formation on Ti becomes more profound.
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Figure 4.9. Micro-via AFM scans for various 3-D networks (left: high laser repetition and low

irradiation time, right: low laser repetition and high irradiation time)

44 SUMMARY
Vapour plume condensation is most commonly used to explain nanostructure nucleation within
the target plume. Such classical theories should only be used for nucleation mechanism
appreciation, not for quantitative analysis of the ambient condition plasma plume. The fsec laser
pulses are shorter then heat conduction time scales. Pressure and temperature gradients are
mainly a result of plasma formation. As well, multiple pulses are more efficient for plasma
generation than a single pulse.

A nanofiber is defined as a single-strand chain of nanoparticles that can be interconnected
after a set average of particles which define the overall porosity and promote 3-D network
growth under surface ablation conditions. The TiO, nanofibers can have tunable porosity by
effective webbing effects during the vapour condensation phase. Additionally, these nanofiber
networks show anatase and rutile phase compositions which are tunable by laser synthesis

parameters.
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CHAPTER 5

NANOFIBROUS SERS EFFECT

What happens under SERS is a collective oscillation of plasmons surrounding the atomic lattice.
In other words, SERS is dependent on the Localized Surface Plasmon Resonance (LSPR). This
phenomenon occurs due to coupling or absorption of incident energy by the conduction band
electrons (Figure 5.1). Mathematically, this occurs when the phonon and surface plasmon wave

vectors match.[63]

Figure 5.1. LSPR valence electron oscillation by a spherical model[63]

Only two noble metals (i.e. Au, Ag) may traditionally provide large Raman enhancements. As
a result, SERS is a highly active area of research. The most effective method for enhancing the
Raman spectra involves increasing surface electromagnetism (EM) activity. The EM
enhancement is typically from 10* to 10'2.[64] Optimized enhancement may be realized by

varying nanoparticle alloys, nanostructure morphology, density and/or cluster.[65]

5.1 RAMAN ANALYSIS
The low Ti Raman activity, as seen by its broad peak in Figure 5.2, is explained by de-phasing of
the surface wave vectors.[66] The Raman active D4, symmetry modes of rutile TiO, were

detected as Bj, (144), E, (443), Aj, (611) and B>, (825) cm‘l.[38] Peak shifting was not observed
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in these sets of experiments. In addition, the strong 241 cm™ mode is commonly reported but its
origin remains disputed. This mode will be briefly considered and investigated along with lower

intensity Raman modes at 349 and 710 cm™ in future research.
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Figure 5.2. Raman spectra of three chosen substrates synthesized by a pulsed femtosecond laser
(26 MHz — 10 msec, 13 MHz — 20 msec, 8 MHz — 20 msec) and compared to the original Ti
substrate

The power of Raman scattered energy (Pgg) is proportional to the Raman scattering cross
section (o®) and the incident laser beam intensity (I;):[67]
Prg < oflI; Eq.5.1
Since the laser intensity was kept the same throughout all experiments, there must be a
significant change occurring with o® that results in the scattering intensity increase of Figure 5.2.
This intensity change can also be attributed to the enhancement of the Raman spectra and hence

the phenomenon of SERS.
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For various nano-Ag and nano-Au substrate preparation methods, Raman EF values on the
order of 10°-10° are common.[68][69][70][71] Higher enhancement is typically claimed as a
result of EM computer simulations. Choi et al., 2010 have shown that such calculations, even for
the most ordered substrates, can mislead the EF value by up to two orders of magnitude.[72] The
more conservative analytical EF value for the 3-D TiO; nanofibrous network was determined to
be 1.3x10° (Appendix A.4). It is clear that the TiO, nanofiber matrix provides a highly
competitive EM enhancement to the most popular Ag and Au substrates. Nonetheless, it is also
observed that not all of the nanofiber networks yield high Raman performance. The EM activity

of the TiO, 3-D nanofiber network will be examined next.

5.2 EM ENHANCEMENT MECHANISMS
Transition metals in general have a different electron distribution which becomes difficult to
resonate. Consequently, metals like Ti require sophisticated nanofabrication techniques to
activate SERS. The nanofibrous network properties as related to plasmon resonance in TiO, will
be investigated.

The laser frequency that produces the highest plasmon resonance for bulk Ag is in the near-
ultraviolet region (UVA) of the EM spectrum.[73] However, research groups commonly use
varying wavelengths from 514 nm to 785 nm.[74] This is due from a practical point of view to
avoid laser induced molecular degradation. However, However, rutile TiO; has plasmon
resonance that is in vacuum-ultraviolet (VUV) in addition to being highly damped. [75] For the
first time, we demonstrate how rutile TiO; in a 3-D nanofiber network could still compare to the
EM enhancement of Ag and Au at a laser excitation wavelength as long as 532 nm.

There are three fundamental contributors to SERS: plasmon resonance, charge-transfer

resonance and molecular resonance.[73] In this case, plasmon resonance will be studied as
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related to substrate self-enhancement. First of all, maximum plasmon resonance occurs between
the laser excitation and the Stokes shifted wavelengths.[63] Red-shifting of rutile TiO, plasmon
resonance from VUV [75] to the 514 nm laser excitation as well as improvement in its dielectric
properties is done collectively by the 3-D TiO, nanofiber network (Figure 5.3). Tuning of the

overall EM enhancement is discussed next.
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Figure 5.3. A model of the SERS nanofibrous network mechanisms, the scribbled lines represent

the 3-D TiO, nanofibrous network

Firstly, consider the electron cloud and dipole resonance (Figure 5.3a). The conduction band
electrons drive Raman enhancement.[64] However, transition metals (such as Ti) have a
relatively poor definition of free electrons due to their electronic structures. In particular, the 3d,
4d and 5d shells are interrelated with the 4s, S5s and 6s shells. This disadvantage is also
characterized by high values of dielectric damping which further reduces the EM
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enhancement.[76] Small dielectric damping of Ag is what made it the most popular SERS
substrate.

Continued laser irradiation reduces the rutile nanoparticle size. When the diameter reduces
below 100 nm, radiative damping becomes insignificant and the plasmon bandwidth
narrows.[77] Therefore, such improvement of the dielectric function will also improve dipole
resonance and hence EM enhancement.

Crystalline resonance (Figure 5.3b) can also affect Raman scattering intensity in the form
crystalline order degree. Lattice group and atomic oscillations of TiO, are responsible only for
the Stokes shifted energy. The scattering intensity is also related to the force constants involved
and directly reduces as more O atoms begin to oscillate tangentially to Ti (i.e. two for B,, and
four atoms for By,).[39]

Additionally, selection rules based on linked nanofiber rutile particles can split degenerative
modes.[78] From Figure 5.2, this would explain the origin of the 241 cm™ peak since the E,
mode is degenerate.[39] The important aspect to note here is that this new mode is the second
highest contributor to the EM enhancement next to E, itself. From Figure 5.2, the mode-specific
Raman scattering intensity enhancements are 16 (B,), 95 (24lcm'1), 117 (E,), 84 (A,) and 59
(Bag).

The nanogap (Figure 5.3c) is perhaps the most profound SERS contributor. It was shown that
Au-Ag core-shell two particle clusters perform better than Au-Ag monomer alloy particles.[79]
A new idea of nanogap “hot spots” emerges.[80] It was shown that a reduction in gap distance at
a fraction of one nanometer has almost an order of magnitude amplification for SERS.[72]

Figure 5.4 shows that the nanogap between the rutile nanofiber particles is on the order of one
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nanometer. Although the nanofiber morphology is similar between synthesis parameters, the 3-D

network density changes as in Figure 4.1.

Figure 5.4. TEM of segregated TiO, nanofibers. Inset bar scale is 25 nm. The particle shell

(middle image) is due to TEM contamination and grows with exposure time

SERS activity of a metal away from its resonant excitation frequency is also contributed by
the nanogap.[73] In particular, the dipole plasmon resonance was found to red-shift with
reducing nanogaps.[81] These contributions help explain the strong TiO, EM enhancement with
a 532 nm excitation wavelength.

Nanoclusters improve the overall SERS activity (Figure 5.3d,e).[82] In particular, variations
of in-line and spherical nanofiber particles (Figure 5.4) exhibit the “nanolens” plasmon mode
coupling effect.[83] The unique characteristic of a “nanolens” is multiplicative multi-stage
enhancement which can progress along the nanofiber.[84] Additionally, the nanofibers appear to
extend from the TEM grid as seen by partial and complete particle overlapping. This
characteristic will extend the “nanolens” effect into the depth dimension of the network.

Reflectivity measurements have revealed that the TiO, nanofibrous network has a tunable
spectrum response. The maximum intensity peak increases as it varies from 381 — 457 nm. The

variation was found to occur by modifying the synthesis pulse repetition rate.[85] Firstly,
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increasing intensity is favorable to reduce Stokes shifted light interference which influences the
EM enhancement magnitude.[86] Secondly the nanofibrous network can induce refractive index
changes to excite further surface plasmons.[87] Thirdly, plasmon width and red-shifting are
sensitive to the size of nanofiber particle clusters.[81] In this case, these observations suggest a
need to determine the optimum 3-D nanonetwork depth and porosity. This is a design evaluation
aspect under ongoing investigation (Appendix A.6).

An additional plasmon resonance red-shift is observed with increasing nanofiber length.[81]
The 3-D nanonetwork exploits this phenomenon by having tunable surface (i.e. 2-D) and depth
(i.e. 3-D) nanofiber particle clusters (Figure 4.1). A further investigation into extinction
efficiency also reveals that it is possible to gain larger EM enhancement at a surface location
other than the polarization direction for larger nanoparticles.[77]

Ye et al. have demonstrated that separating gold-nano rings from the gold film by a 50 nm
Si0; layer led to a three time larger enhancement than placing them directly on the gold film
(Figure 5.5).[88] Hatab et al. demonstrated this phenomenon by lithographically patterned Si
holding Au nanoantennas.[89] Such phenomenon is also witnessed from Figure 5.2 as scattering
intensity varies significantly between different network depths. Such demonstrations suggest
plasmon hybridization between the localized surface plasmon (LSP) of the nanostructure and the

delocalized surface plasmon (DSP) of the substrate.

Figure 5.5. Plasmonic hybridization demonstrated [88]
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In this case, hybridization occurs between a self-supported rutile TiO, nanofiber network on
top of the Ti substrate (Figure 5.3f). AFM contact studies were carried out to investigate the
nanonetwork physical behavior (Figure 4.7). In comparison to the SEM images, the respective
AFM images remain relatively the same regardless of the 3-D nanofiber network. One notable
change is how the sharp edges within the periphery of the irradiation center are smooth in the
AFM scans. The AFM tip curvature is only up to 10 nm. It is therefore more reasonable to
attribute the smoothing of scans to nanofibers being lodged in the crevices by the scanning
probe. Once the TiO, nanofiber network density increases, there is significantly more AFM
scanning interference. This is indicated with white smudges, where white represents a higher
elevation with respect to the white-black scale. Although the AFM scans may reveal areas of
more dense nanofibers, the scans did not reveal the surface morphology of the network.
Therefore, observations consistently suggest that the 3-D TiO, nanonetwork is highly flexible
and mobile.

The 3-D TiO; nanofiber network under layer imaging was demonstrated to be possible in the
discussion of Figure 4.7. Higher resolution scans revealed cauliflower-like patterns (Figure 4.7
AFM inset). In this case, 3D-FDTD (Three-Dimensional Finite Difference Time Domain)
simulations have shown enhancement at the apex of the spheres and in the crevices when
modeled as a plane grating.[76] In general, the coupling effect between small semi-spheres affect
incident energy enhancement. As a result, the morphology below the nanofibers is also critical in
SERS. All of the aforementioned mechanisms collectively balance to make the 26 MHz -10msec

Ti0O; substrate exhibit the best SERS performance under the 532 nm excitation.

42



5.3 SUMMARY
Conduction band electron resonance is responsible for the majority of SERS activity. This is a
disadvantage of TiO,, hence its neglect in Raman sensing developments to date. Nanofibrous
Ti0O, SERS response is evident from significant signal intensity increase. The combination of
EM mechanisms is argued to collectively stimulate SERS. The nanoparticle architecture of the
nanofibers is a significant contributor to SERS. It features a collective contribution from highly
effective nanoparticle EM phenomenon such as the nanogap, nanocluster and plasmonic red-
shifting. Additionally, the 3-D nanofibrous network has an optimum depth. The depth

component contributes to plasmonic hybridization, 3-D nanoclustering and nanolens effects.
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CHAPTER 6

RAMAN MOLECULAR DETECTION

Raman vibrational spectroscopy provides insightful characterization of probed substances by
unique Stokes-shifted frequencies.[65] SERS greatly improves the sensitivity of traditional
Raman spectroscopy while reducing the laser power and collection time. This has allowed for
extensive chemical and bio-sensing applications including rapid sensing of Anthrax,[22]
detection of specific DNA sequences,[84] cell mapping[90] and single molecule detection.[91]
Crystal violet is a common probe molecule for SERS studies due to its large Raman scattering
cross section (Eq. 5.1).

Bisphenol A (BPA) is a common polycarbonate (PC) monomer. Krishnan et al. (1993)
discovered that BPA can be released from PC products during autoclaving and then dissolve into
the surrounding environment.[92] BPA is also a known endocrine disrupter which leads to a
disturbed hormone balance in humans.[93] Diclofenac sodium (DSS) is a non-steroidal and anti-
inflammatory pharmaceutical ingredient. However, DSS is also amongst the most commonly
detected pharmaceutically active compounds in ground and surface water.[94] Since chemical
adsorption may be specific to certain human organs, it is important to have analytical capacity
for molecular level identification and adsorption analysis of these aromatic compounds in

environmental samples.

6.1 CRYSTAL VIOLET DYE
SERS activity, sensing reproducibility and substrate signal are important factors when designing
a practical sensor.[65] Inherently, homogeneous nucleation will generate a distribution of
nanoparticle sizes—and in this case—also a variation in network porosity. Crystal violet (CV)
has been applied to study potential analyte interactions. Firstly, Figure 6.1 clearly demonstrates
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SERS due to the 3-D TiO, nanofiber network. Physisorption is also indicated by the phenyl-N
stretch peak shift to 1377 cm'l.[95] Secondly, the 26 MHz — 15msec TiO, substrate was found to
reveal the best CV spectra as opposed to 26 MHz — 10msec from Figure 5.2. A longer synthesis
time (i.e. more effective laser pulses) creates a denser network (Figure 4.1) which can aid in
nanofibrer stability. This is especially important liquid solution analysis. Additionally,
adsorption kinetics may differ between the TiO, nanofibrous networks. Therefore, it is necessary

to tailor the 3-D TiO; network towards favorable detection of a particular molecule.
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Figure 6.1. CV-TiO, Raman spectra enhancement using a 26 MHz -15 msec substrate (a. CV

enhanced by nanofibrous TiO,, b. nanofibrous TiO,, c. CV free molecule)

Thirdly, the 241cm™, 443 (Eg), 611 (As,) and 825 cm’ (B2,) TiO, peaks appear quenched by
the carbon-nitrogen-carbon bending and out-of-plane deformations of CV at 204, 438, 609 and
805 cm™.[95] Nonetheless, minimal CV peak shifting was observed for these modes (up to 2 cm’

1. Such behavior was seen previously by Musumeci et al. and attributed to charge transfer
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complex formation.[96] But contrary to Musumeci, it was demonstrated here that SERS response
from TiO; is not limited to the charge transfer phenomenon which otherwise requires harmful

near ultraviolet excitation. Complete CV results are summarized under Appendix A.3.

6.2 BISPHENOL-A
Background noise dominates the Raman spectra with a commercial Ti substrate (Appendix A.2).
However, the TiO; nanofibrous sensor pads exhibit appreciable BPA detection improvement
under aqueous conditions (Figure 6.2). BPA features two hydroxyl groups that could potentially
compete against dissociated water, especially on rutile TiO, [97] BPA conforms to Cyp, symmetry
with 72 irreducible vibration modes. The Raman active A, and B, modes reveal ring deformation
and in-plane C-H bending behavior.[98] It is difficult to distinguish between ring deformation
modes below 660 cm™ due to the overlapping rutile and anatase signals. There was no

enhancement of BPA dry residue across all studied sensor pads.
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Figure 6.2. Detection of aqueous (aq.) and dry residue (dr.) BPA by various sensor pads (MHz —

msec): a. 4 — 1 (aqg.), b. 13 — 20 (dr.), c. commercial Ti (aqg. or dr.)
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6.3 DICLOFENAC SODIUM SALT
As opposed to BPA, DSS was detected better under dry residue conditions given its high
solubility under aqueous conditions. DSS structure can have two nonsymmetrical isomers with
58 irreducible vibration modes. It bonds with the lone pair oxygen electrons of the carboxylate
group.[99] The band at 1575 cm shifted to 1585 cm™ indicating carboxylate orientation to water
even after drying. This effect was previously reported by Weerd and Kazarian (2005).[100]
However, the stable 1408 cm™' band indicated that there was no dissociation of sodium. This was
an expected result as drinking water already contained up to 29.6 mg /L of Na and 39.9 mg / L
of CI” content which may substantially reduce DSS solubility.[101]

Figure 6.3 demonstrates a gradual improvement in spectra between three TiO, sensor pads.
The TiO, Raman background signal is clearly noticeable with sensor pads b. and c., whereas
their intensity is quenched with sensor pad a. as the overall spectra improves. Such phenomenon
may be indicative of improved bonding over physisorption.[102] Optimum sensor pads for BPA
and DSS under aqueous and dry residue conditions all vary. The point of discussion will be to

evaluate what parameters influence such detection compatibility.
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Figure 6.3. Detection of dry residue DSS by various sensor pads (MHz — msec): a. 8 — 15, b. 26 —

15, c. 4 — 25; note: each spectra spans ca. 200 a.u.

6.4 RAMAN DETECTION MAP
Applying an aqueous solution may modify the TiO, nanofiborus network architecture. The main
concern is particle aggregation. Water is generally chemisorbed on anatase TiO, as dissociated
hydroxyl groups (OH).[103] Any resulting pH differences can influence repulsive forces
between TiO; nanoparticles and induce aggregation.[104] Additional aggregation is possible due
to the Na, Cl and CI" [105] found in the drinking water. Moreover, the anatase to rutile phase
mixtures (Figure 4.6) have been discovered after the nanofibrous SERS effect experiments. The
resultant anatase to rutile phase mixture synthesis control is yet an undeveloped field of
nanofibrous study. All of these combined uncertainties will be discussed by an end-result of

Raman detection capacity.
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It was previously determined that the minimum TiO; nanonetwork generation threshold is 2
MHz (i.e. 500 ns pulse interval) at 1 msec dwell time. A shorter pulse interval promotes a more
stable plasma plume while longer dwell times promote 3-D network structuring.[12] These
guidelines were adopted for TiO, sensor pad development, the results of which are presented by
Figure 6.4. The sensor pads were ranked based on the strong 1585 cm™ carboxylic band for DSS
and the 1610 cm™ in-plane ring stretch band for BPA. Effects of micro-vias on Raman signal

intensity are summarized by Appendix A.2.
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Figure 6.4. Raman detection sensitivity map averaged for all TiO, sensor pad experiments and

showing standard deviation; pulse interval = 1 / laser repetition rate

There are two major features across all experiments (highlighted within Figure 6.4). Feature 1

exhibits good BPA and DSS detection. At the same time, the relative standard deviation is high
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as shown by the large diameter circles of the STDV map. It is usually expected to have
variability in Raman response, especially under aqueous conditions.[25] The micro-vias also
contribute to reproducibility concerns (Appendix A.2). Nanofiber network contributions will be
discussed here.

First of all for feature 1, the sensor pads exhibit variable hydrophilic properties. feature 1
exhibits the most effective surface wetting.[13] Secondly, synthesis fluence is the highest at
Feature 1 (Appendix A.5). The plume temperature and pressure properties correspondingly
change to increase the anatase TiO, nanofiber constituency. Thirdly, increasing the network
depth (i.e. longer dwell time) with less stable plume behavior (i.e. longer pulse intervals) tends to
result in null detection capacity across BPA and DSS experiments. Therefore, Feature 1
represents a shallow 3-D network with a high anatase to rutile TiO; ratio that is highly influenced
by surface wetting.

Feature 2 spans a greater detection band. In general, the standard deviation reduces with a
lower network depth (i.e. shorter dwell time) and with more stable plume behavior (i.e. shorter
pulse intervals). feature 2 is bound by the nanofiber threshold and optimum network porosity.
Firstly, the laser fluence at 39 and 77 ns pulse intervals is enough to oxidize the Ti surface but
not to generate nanofibrous 3-D networks. Secondly, porosity controls diffusion of analytes in
the 3-D nanonetwork and increases the number of metal to analyte contacts.[106] An optimum
porosity [107] is related by dwell time and pulse interval parameters which in turn influence
sensor stability. Consequently, Feature 2 characterizes a field of parameters with similar
resulting 3-D nanofibrous network stabilities.

Surface porosity was further investigated by optical surface roughness. SNOM permits narrow

field views of a particular micro-via from a particular TiO; 3-D nanofiber network. A normalized
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roughness construct was developed as G = Sa — Sa / Max, where Sa is the average surface
roughness and Max is the maximum surface roughness (Appendix A.5). Figure 6.5 shows that
the smoothest substrate was commercial Ti. The next smoothest substrate was generated at 2
MHz — 25 msec (G =-0.0286). This result validates the previous discussion about heavily
generated and low porosity networks under relatively unstable plume characteristics. Moreover,
the G roughness construct also fully explains the previous apatite precipitation uniformity

observations.[13]
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Figure 6.5. Roughness parameter G vs. Max reflection intensity, inset: SNOM scan

Consequently, the 2 MHz — 25 msec sensor pad fell outside the G = -0.0021 to +0.0411
criteria of Figure 6.5. The best sensors (i) were 8 — 1, 8 — 15, 13 - 15, 13 — 20 and 26 — 10 (MHz
— msec). Falling outside the G criteria, the best sensors (i1) were 4 — 25 and 26 — 15 (MHz -
msec). The 26 — 15 sensor pad was in the highly rough region and may have affected the SNOM
scanning probe. However, the 4 — 25 sensor pad was in the smoother region and preferred the

detection of BPA dry residue. There may be other phenomenon occurring such as TiO, phase
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mixtures and 3-D network stability as discussed earlier. Nonetheless, the current G construct

predicts an optimum interface roughness of the 3-D TiO, nanofibrous networks.

6.5 SUMMARY
Detection with CV clearly demonstrated the SERS phenomenon that was previously predicted by
the nanofibrous SERS effect. Detection of BPA was preferable only under aqueous conditions.
This was attributed to better dispersion for easier hydroxyl group bonding to the TiO, surface.
Detection of DSS was preferable mainly under dry residue conditions. This was attributed to the
higher solubility of DSS. There was no dissociation of Na from DSS. Raman spectra has shown
various levels of TiO, background, the relative reduction of which resulted in a better defined
and higher intensity DSS spectra. DSS and BPA detection schemes for dry and aqueous
conditions were combined into a Raman detection map. This was done to more equally compare
Raman results without specific knowledge of aggregation affects due to drinking water and
involved solvents.

The Raman detection map reveals two main features. Feature 1 represents a shallow 3-D
network with a high anatase to rutile TiO, ratio that is highly influenced by surface wetting.
Feature 2 characterizes a field of parameters with similar resulting 3-D nanofibrous network
stabilities. SNOM reflection studies were carried out to verify the preference of smooth and

uniform networks to detection of BPA and DSS.
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CHAPTER 7

CONCLUSION AND RECOMMENDATIONS

A unique nanosynthesis method using a femtosecond laser was used to generate crystalline TiO,
nanofibers from a Ti substrate under ambient conditions. Vapour plume condensation is most
commonly used to explain nanostructure nucleation within the target plume. The resultant
nanofibers were defined as a single-strand chain of nanoparticles that can be interconnected after
a set average of particles which define the overall porosity. The network constituency was
tunable by synthesis parameters between dominantly rutile phase to a mixture of rutile and
anatase. Phase control and synthesis mechanics have yet to be studied.

When electromagnetic energy interacts with a molecule, there is possibility that the energy
will be scattered. It was shown that the level and the shift of scattered energy are unique to
molecular vibrations and could be characterized by Raman spectroscopy. It was also shown that
nanoscale material modification can enhance the power of this scattered energy for molecular
sensing purposes. The resulting Raman enhancement mechanisms feature nanogap, nanocluster
and plasmonic hybridization. The appreciable 1.3x10° relative enhancement of TiO, supports a
method to prepare SERS active substrates from traditionally inactive materials. SERS activity
was confirmed using a CV dye.

Raman detection of aromatic BPA and DSS in drinking water was found to be sensitive with
variations in network depth, surface morphological uniformity and sensor porosity. A
generalized detection map was developed which showed a strong favorability towards uniform
and porous TiO; nanofibrous 3-D networks. In addition to making the chemical and physical
favorability of TiO, viable for Raman spectroscopy, this study has developed a unique

nanoarchitecture for chemical sensing and bio-molecular detection.
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Further optimization is needed towards product commercialization in the chemical and bio-
molecular sensor industries. Since it was found that the nanofibrous network has various degrees
of performance dependant on the chemical type and state, further testing may be necessary
before marketing the sensor for chemicals other than CV, BPA and DSS. One possible
preliminary solution is to choose the highest average performing substrates from Figure 6.4 that
also demonstrated the least standard deviation (as represented by smaller diameter circles). If
Raman performance is unsatisfactory, higher standard deviation substrates may be experimented
tested. It may be that the particular analyte has a highly specific SERS condition hence the
higher standard deviation as not all analytes are compatible with that particular TiO, nanofibrous

network.
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APPENDICES

A.1 DRINKING WATER ANALYSIS
Table A.1.1 summarizes inorganic elements that have been found to influence SERS
response.[108] NaCl is commonly known for aggregation of nanoparticles.[105] Therefore its

presence or even ionic dissociation can have an impact.

Table A.1.1. List of inorganic parameters present in Toronto drinking water based on 2011

public data provided by the City of Toronto

Number of Number of Method Maximum Minimum Average
Samples Detectable Detection [mg/L] [mg/L] [mg/L]
Results Limit [mg/L]

Ag 17 0 0.0001 0.0000 0.0000 0.0000
Al 594 594 0.005 0.339 0.034 0.063
Ca 105 105 0.2 37.3 33.0 34.9
Cl 6014 6014 0.10 2.20 0.25 1.07
CI' 88 88 0.2 39.9 23.8 26.5
Cu 17 7 0.001 0.024 0.000 0.002
Fe 16 11 0.004 0.015 0.000 0.005
Na 159 159 0.4 29.6 12.6 14.4

Generally, SERS intensity and background noise reduction is attainable by using dyes with
large Raman scattering cross-sections such as Rhodamine 6G (R6G) and crystal violet

(CV),[109] however which are also known pollutants.[66] Therefore, in the interest of
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sustainability as well as unambiguous characterization of adsorbent interactions with the TiO; 3-

D nanofibrous network, no dyes were used in this study.

A.2 RAMAN, AFM AND SNOM DATA
Water has a small Raman cross section and hence does not severely interfere with measurements
in aqueous environments.[110] Figure A.1.1 also shows that neither BPA nor DSS could be
detected on a plain Ti substrate. SERS of the TiO, 3-D nanofibrous network is discussed in detail

within the with Raman molecular Detection.
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Figure A.1.1. Raman signal under aqueous conditions dominated by background noise when

using a commercial Ti substrate

The TiO, nanofibrous sensor pad was prepared with micro-vias 50 um apart so that the
generated features would just begin to overlap and accumulate. The Raman degree of focus
(DOF) is also an important consideration in analyzing the TiO, 3-D network. A 100x objective

would have a DOF of ca. 1 — 2 um. However, AFM scans revealed possible network depths of
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greater than 5 um. Although background noise is greater with 50x, the DOF is ca. 10 um so the
entire network thickness could be sampled.

Figure 4.1 SEM scans show that the nanofibrous porosity spans the entire sensor pad surface.
However, the structure of the 3-D TiO, network within the micro-vias is yet unclear. It appears
that there may be no nanofibrous structure within the micro-vias. The Raman microscope was
equipped with a camera and a micrometer stage hence it was possible to position the focus on the
inter- and intra-via sensor pad areas. Figure A.2.2 shows that the Raman signal drops when the
Raman laser is positioned over the micro-via. The signal drops significantly when the via depth
and width increase. This effect is dominant at lower laser repetition rates (i.e. longer pulse

separation).[11]
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Figure A.2.2. Micro-via contribution to Raman signal

Singular micro-vias were synthesized 250 um apart under different laser parameters for
scanning near field optical microscopy (SNOM) reflection studies. SNOM graphical data was
analyzed with built-in SNOM Nova 1.1 software. Average roughness was computed by Nova
under ISO 4287/1. The SNOM sample stage had a micrometer adjustment that enabled precise

maneuverability between micro-via centers. Figure A.2.3 summarizes maximum normalized
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registered photomultiplier module (PMT) voltage. Firstly, scans that appear darker overall have
higher localized intensity points. Secondly, Figure A.2.3 shows that the micro-via’s ridges are
typically the most intense since the ridges are closer to the scanning probe. Overall, sources of
error may include SNOM micro-via positioning between scans, scanning probe damage and/or

environmental factors such as acoustics. No chemicals were used with SNOM trials.
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Figure A.2.3. SNOM reflection map for different sensor pads, the irradiated spot is ca. in the center; scan window is 100x100 pm
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A.3 COMPLETE CRYSTAL VIOLET DYE EXPERIMENTS
Raman spectroscopy is not currently a standardized method for molecular detection. The first
step was therefore to determine the appropriate exposure time, power and edge filter settings.

Figure A.3.1 demonstrates the importance of choosing a proper exposure time and power.
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Figure A.3.1. Degradation summary of the CV dye with continuous exposure when using the 26
MHz -15 msec TiO; substrate. P2 represents increased power from 1 mW to 79 mW by changing

the laser filter attenuation

At first, Figure A.3.1 shows a fair response at 15 sec (i.e. 5 sec exposure time with a three

time accumulation) from CV when applied over the nanofibrous TiO; 3-D network. However,
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increased exposure time steadily degrades the CV solution. While this occurs, the overall Raman
intensity is increasing due to increasing fluorescence. When the power is increased at 165 sec,
the rutile TiO, spectrum dominates the Raman response. Seeing the unprecedented intensity of
these rutile peaks makes it important to also recognize that this procedure may have great
potential for further enhancement of the TiO, nanofibrous network if the resultant substrate is
used for subsequent molecular detection. Once the parameters were chosen, the TiO, substrates

were tested for CV detection capacity. Figure A.3.2 shows such experimentation results.
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Figure A.3.2. CV-TiO; experiments using the 8 MHz -15msec substrate, four spectra are shown
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From Figure A.3.2, there is no clear enhancement of the CV dye. In addition, the nanofiber
rutile spectra is not clearly defined which indicated the presence of impurities. This affect is

more pronounced with Figure A.3.3.
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Figure A.3.3. CV-TiO; experiments using the 13 MHz -15msec substrate, four spectra are shown

As shown by Figure A.3.3, not only is there no enhancement of the CV dye after application,
there is a total loss of Raman response. Firstly, the substrate is no longer pure rutile, as anatase
wavenumbers begin to appear. Secondly, the stability of the 3-D network with the CV dye may
be lower which could result in excessive aggregation and hence loss of any nanofibrous network
advantages. The exact justification for such spectra degradation is still speculative and is subject

for a thorough investigation in future research. Nonetheless, the majority of substrates did
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provide a clear Raman response. Figure A.3.4 shows the typical experimental result by using the

best Raman laser parameters.
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Figure A.3.4. CV-TiO; experiments using the 8 MHz -1msec substrate

The Raman sample stage was robotically controlled with micrometer resolution. Together
with the built in camera, it was possible to position the Raman laser beam over the microvias or
the inter-microvia plains when visible (Figure 4.1). Firstly, Figure A.3.4 demonstrates
enhancement of the CV dye as typical CV intensity with the chosen parameters was on average
150 a.u.. Secondly, there is a noticeable drop in intensity of the TiO, substrate when the laser is
positioned over the microvia. This is an expected result as the microvia depth can draw the laser

out of focus. Nonetheless, the importance of nanofibers is demonstrated after applying the CV
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dye. Regardless of whether the laser is positioned over the microvias or in between, the intensity
remains about the same. Therefore, the nanofibers act as a porous medium to support molecular
detection away from the surface. It is also possible to reduce the effect of microvias if desirable
as shown by Figure A.3.6 which will be presented later. The highest attained Raman

enhancement of the CV dye is shown by Figure A.3.5.
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Figure A.3.5. Highest observed enhancement of the CV dye when using the 8 MHz — 20 msec

TiO; substrate, Nanofiber spectra is on the secondary axis

Following the calculation procedure of Appendix A.4, the calculated EF of Figure A.3.5 is
3.1x10°°. However, the rutile nanofiber spectrum once again shows impurities as was seen with

Figure A.3.2 and Figure A.3.3. This is an interesting result as such behavior typically results in
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null spectrum response or at best no enhancement. We chose to present the most consistent

enhancement data, as summarized by Figure A.3.6 and showcased by Figure 6.1.
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Figure A.3.6. CV-TiO; experiments using the 26 MHz -15msec substrate

The variations in 3-D nanofibrous porosity, TiO, phase composition impurities, crystallinity,

nanofiber particle size averages and standard deviations as well as microvia morphology and

network depth are all tunable with the femtosecond laser manufacturing technique. Investigating

these factors the most is meaningful when developing a sensor for industrial use. The issue is

that proving an enhancement for a CV dye may not be applicable, for instance, to aromatic

pollutants with much lower Raman cross-sections and different adsorption kinetics. Therefore, it
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is reasonable to conclude that the 3-D nanofiber network clearly has a significant potential to

compete with the most popular Ag and Au substrates which will be subject to future research.

A.4 RAMAN ENHANCEMENT FACTOR CALCULATION
The Raman Enhancement Factor (EF) is typically determined with EM simulations by using
generalized Mie theory (GMT)[111][83] and Finite Difference Time Domain techniques such as
2D-FDTDI[89] and 3D-FDTD.[76] [112] However, these techniques are computationally limited
to simple geometric systems such two-nanoparticle clusters of perfect spheres. In the present
case, it is more appropriate to analyze the 3-D nanofibrous network structure experimentally.
The following Raman EF equation is the most accepted in literature:[113]

Isgrs/ Nsurf Eq. A.4.1

EF =
SERS T 1 et/ Npulk

where Isgrs represents the Raman SERS intensity, /.f represents the Raman intensity without the
TiO; nanofibrous substrate, Ny, represents the number of molecules present under the confocal
volume and Ny, represents the number of molecules responsible for the SERS response.

From Figure 6.1, Isprs = 6039 and Irer = 113 at 1623 cm™ (shifted from 1621 cm™). The 1621
cm” wavenumber is the strongest CV vibrational mode which is used in such EF
calculations.[114] The following equation is used to calculate Nyy:

Npuik = nr2heNy Eq. A4.2
where, r represents the Raman laser spot radius (1.5 um), /4 represents half the Depth of Field
(DOF) of a tightly focused Raman laser (10/2 um), ¢ represents the Crystal Violet applied
concentration (8. 1x107 M) and N, is the Avogadro constant. Following Eq. A.4.2, Ny 18
calculated to be 1.7x10® molecules. To calculate Nsurt, knowledge of the nanofibrous surface area

and CV adsorption to rutile TiO, are necessary. Surface area is expected to be similar to
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electrospun TiO, nanowires as summarized by Table A.4.1. From Table A.4.1, the most

conservative estimate of the most relevant architecture and phase is 2 m?*/ g.

Table A.4.1. TiO, nanowires compared to the present study nanofibers

Author Architecture Size (nm) Phase BET* (mZ/g)
present study ds nanofiber 82+/-68 rutile ca. 2.0
(Alves et al. 2009)[115] dr 203+/-122  rutile 2.0
(Chuangchote et al. 2009)[116]  cr 264+/-86 mostly rutile 56

(Wang et al. 2011)[117] dr 250+/-50 R/A =0.61-2.43 32+/-8
(Hristovski et al. 2008)[118] ds 65+/-35 anatase and rutile 126

(Doh et al. 2007)[119] ds 194+/-71 anatase 26
(Madhugiri et al. 2004)[120] ds 650+/-50 anatase 32

(Ray and Lalman 2011)[121] cs 39+/-7 anatase 259+/-23

1 d, discontinuous; ¢, continuous; s, smooth; r, rough.

*Brunauer-Emmett—Teller surface area model.

To determine the actual surface area within the laser sampling volume, it is necessary to
determine the mass of TiO, within that region. Similarity relationships are used since it is not
practical to weigh cubic micrometer volumes. Firstly, the mass of a rutile crystal is determined
that would fit within the Raman sampling volume (Eq. A.4.3).

my = nr?hp Eq. A4.3

Rutile density p is 4.249 g/cm’.[122] The new surface area SA; is then determined by using

the BET surface area from Table A.4.1. By geometric similarity, the effective rutile TiO,

nanofiber mass that is within the Raman sampling volume is determined by Eq. A.4.4.
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SA; — SA, Eq. A4.4
M2 = m1/<1 B 2nrh ) !

Therefore, by using the mass result of Eq. A.4.4 again with the BET surface area, the effective
rutile TiO; nanofiber surface area within the Raman sampling volume is SAq¢ = 5.0x10"" m?.

For Ny, it 1s also necessary to determine the adsorption concentration of the CV dye to rutile

Ti0,. Table A.4.2 summarizes the literature review for CV adsorption on TiO,.

Table A.4.2. CV to TiO, adsorption equilibrium from UV-vis spectrophotometer measurements

Pertinence-Author Interface, crystal or amorphoust Adsorption (M) Time (min)
present study R, crystal 2.9x10° ca. 1
(Hachem et al. 2001)[123] Degussa P25, R/A=0.429, crystal 2.9x10° 45-90
(Kanna et al. 2010)[124] Degussa P25, R/A=0.250, crystal 2.5x107 30

(Dong et al. 2012)[125] Degussa P25, crystal 5.0x10°® 15
(Senthilkumaar and Porkodi A, crystal 1.9x10°° 60
2005)[126]

(Senthilkumaar and Porkodi A, crystal 1.0x10° 60
2005)[126]

(Kanna et al. 2010)[124] A, amorphous 1.0x10™ 30

T R, rutile; A, anatase

Firstly, no CV dye adsorption on pure rutile data was found. In part, this has to do with the
difficulty of synthesizing rutile. The most relevant studies used Degussa P25 that has a mix of
both phases. Secondly, Senthilkumaar and Porkodi demonstrated that surface adsorption reduces
significantly with increasing CV concentration (the concentration used in the present study was

nearly 100 times greater). Thirdly, the SERS experiments were carried out immediately after CV
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dye application, whereas adsorption equilibrium is expected to take at least 15 min (Table A.4.2).
Therefore, the most conservative estimate of surface adsorption is to use c,gs = 2.9x10° M. Eq.
A.4.5 represents the number of CV molecules adsorbed to the TiO; nanofibrous network.

Eq. A4.5

2
1000 L\3

Ngure = SAefe <CadsNA 1—m3)
Substituting the variables and matching the parameter dimensions, Nyt = 7.2x10° molecules.
Finally, inserting all the values back into Eq. A.4.1, the TiO, enhancement factor is calculated to

be EFsgrs = 1.3x10%. At this point, it should be noted that there are many sources of error when

applying Eq. A.4.1 to determine the analytical Raman EF (Table A.4.3).

Table A.4.3. Sources of error when calculating the analytical Raman EF

Easier to Standardize Harder to Standardize

dye /wavenumber used for calculation laser tweezers effect on local concentration
laser focusing accuracy and precision adsorption factor

time for adsorption equilibrium variations in surface area after dye application
anatase to rutile TiO, ratio and crystallinity effect of fluorescence

the exact concentration of the dye

Table A.4.3 suggests that it is challenging to calculate an exact experimental Raman
enhancement factor. Nonetheless, even the most conservative estimate of the nanofibrous TiO,
3-D network implies an appreciable 10° order enhancement. This is already a major result given

that only Ag and Au were previously thought to achieve such EM and charge transfer activity.
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A.5 DETERMINING THE BEST RAMAN SENSOR PAD
Figure A.5.1 represents a relationship G = Sa — Sa / Max. This ties the average surface reflection
roughness with the maximum reflection intensity. Since Sa « Max, the formula becomes more
sensitive towards stable variations in Sa. The average is less susceptible to experimental error
than the maximum PMT voltage. Since f: Sa = Max, it may be shown that Max = 0, G 2 -1.
In other words, G = -1 is a perfectly reflection smooth surface and becomes rougher as G
increases. It is also important to note that G is a formula construct as it is not dimensionally
homogeneous. Such constructs are common in fluid mechanics (e.g. relating specific gravity S of

an oil to its density in degrees API) and also for determining Brinell hardness of a metal.

Max eg.2.98 12
eg. 4.30 ~10 SNOM
2 SNOM
= 8 Histogram
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G4
2
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Sa eg.0.172 0 05 10 15 20 25 30
eg. 0.114 f PMT Voltage (V)
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\ TAN VAN
) — N N7 N\
T\/GZ0.014 cg. (26 MHz - 15 msec
G =0.0875 eg. (26 MHz — 20 msec)

Figure A.5.1. Representation of G, where Sa (V) is the scan average reflection roughness and

Max (V) is the maximum reflection per scan of Figure A.2.3

The G criterion is then used to plot Figure A.5.2. It is found that most of the SERS active
nanofibrous TiO, sensor pads fit within the -0.0021 < G < +0.0411 band. There were only two
exceptions marked by black stars at 4MHz — 25msec (G =-0.0171) and 26 MHz — 15 msec (G =

0.1145). Together with data outliers, there is still 90% confidence that the results are valid. The
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extrapolation of this criterion to the rest of SNOM experiments is shown on the right of Figure

A.5.2.
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Figure A.5.2. Limits of Raman detection correlated with SNOM experiments (left: direct
comparison to Raman, right: extrapolated results for the remainder of SNOM experiments,

legend read left to right, the arrows indicate reading direction)

Figure A.5.3 reveals a logarithmic type of relationship between the G construct and the
maximum PMT voltage. The two black points at 4 MHz — 5 msec and 2 MHz — 1 msec were
determined to be outliers. Firstly, surface roughness at 2 MHz — 1 msec was Sa = 0.307 V (7x
greater than other values at 2 MHz). For 4 MHz — 5 msec, Sa = 0.265 V (9x greater than other
values at 4 MHz). Secondly, 4 MHz — 5 msec exceeds the maximum possible smoothness for Ti
at G = -0.123. Removing the two outliers improves the logarithmic correlation by almost 20%

(see the Raman Molecular Detection).
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Figure A.5.3. Identified SNOM data outliers (black diamonds), R? correlation and curve of best

fit reflects outlier inclusion

Irradiation laser fluence was considered to investigate the TiO, network synthesis parameters.
The left side of Figure A.5.4 defines the threshold fluence reduction by the incubation principle
after Jee, et al. (1988) and is represented as ¢, (1) = ¢ (1) (tf)571,[49] where ¢ is the
irradiation dwell time (sec), fis the laser repetition rate (Hz), ¢, (1) is the threshold ablation
fluence with one pulse (0.28 £ 0.02 J/em? for Ti) and S is the incubation coefficient (0.83 + 0.03
for Ti).[50] The right side of Figure A.5.4 defines the average fluence per target area ¢, = 4P /
mfw? where P is the average femtosecond laser power (16 W) and o, is the theoretical spot size
diameter (m). The theoretical spot size diameter is represented as w,= 2AF / twy,, where A is the
laser wavelength (515 nm), F is the effective telecentric lens focal length (12.478 mm) and oy, is

the beam waist diameter (8 mm).
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Figure A.5.4. Multiple-pulse femtosecond laser fluence characteristics with varying synthesis
parameters
Earlier, a hypothesis that roughness plays a critical role in Raman analyte detection was
presented (Figure A.5.3). Figure A.5.4 attempts to describe the phenomenon through synthesis
parameters. It is shown that multiple pulse laser irradiation reduces the ablation fluence by up to
15%. Meanwhile, the laser fluence is reducing with increasing laser repetition rate.

Consequently, the intermediate red band of Figure A.5.4 coincides with the null enhancement

region of Figure 6.4.

A.6 CROSS-SECTION ANALYSIS
Since the TiO, nanofibers were mobile with respect to the AFM scanning probe, it was possible
to scan the cross-section view of the microvias (Figure A.6.1).The flat lines at 0 um are saturated
responces from the AFM scanning head since the maximum scanning depth was limited to ca. 5
um. The depth can be controlled by reducing the synthesis laser repetition rate and dwell time
(Figure 4.1). The microvia depth is expected to have a positive correlation with the depth of the
nanofiber network. However, SEM cross sections showing the nanofibers proved to be much

more difficult.
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Figure A.6.1. AFM cross-sectional view of the top left substrate in Figure 4.7 (first cross section

from the bottom of the AFM scan)

Titanium is a cumbersome material to machine. The commercial Ti sample used was 0.75 in
thick. Various methods were attempted at cutting a cross section. Mechanical material removal
processes such as sawing were not capable at cutting through the thickness. As a result, only
diamond blade grinding could be used. The problem is that liquid coolant is required which
inevitably washes away the nanofibers. Another method was considered to irradiate the sample
on the edge. There were two major problems with this technique. Firstly, the heat dissipation is
different resulting in plasma dynamics different from a standard surface. Second, there were

significant safety concerns as the laser can scatter off the edge of the Ti sample and potentially
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damage laboratory equipment and cause harm to the operators. Ti foil was used to alleviate the
thickness problem. However, the intense heat from laser irradiation during synthesis heavily
warped the foil. As a result, the surface did not have a consistent laser focus and could not
generate the TiO, nanofiber network.

Nonetheless, we were previously able to make cross sectional views on silicon. Polished
silicon wafers of 550 um thickness were brittle and thin enough such that normal scribe and
break methods resulted in reasonable SEM images. A cross section of Si nanofibers within the
microvias was previously presented by Tavangar et al., 2010.[127] A cross section of a more
developed nanofibrous 3-D network was presented by Sivakumar et al., 2010.[12] It is expected
that the nanofibrous network will appear similar to the later work as it appears similar to TiO,

nanofibrous networks from plan view.
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