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ABSTRACT

This thesis reports on the experimental examination of the use of nanostruc-
tures for three topics of light-matter interaction.

First, enhanced photon absorption for photocatalytic reactions has been
demonstrated. Photocatalytic metal nanoparticle synthesis is of significant
interest in plasmonic biosening due to the simple fabrication capability. How-
ever, long synthesis time of more than 10 hours and the use of particle stabi-
lization chemical agents hinder economical and rapid synthesis of such metal
nanoparticle systems. We demonstrate a Si subwavelength nanostructure-
based photochemical device. We show rapid photocatalytic structure trans-
formation of noble metal nanoparticle ionization and reduction within 5 min-
utes with only pure water and room light illumination.

Second, 3D nanostructures for optical biosensing have been investigated.
We demonstrate optical spectroscopy by using subwavelength dielectric nanos-
tructures as the substrate material for localized surface plasmon resonance
metallic nanoparticles. Nanostructured substrates made of Si and SizN4 have
been characterized and compared. Schemes of enhancing the optical sig-
nal extraction are also discussed. We show the potential of dielectric based
nanostructure substrate for applications in optical molecular sensing.

Third, the experimental approaches from the two demonstrations are merged
for photocatalytic nanoparticles. TiO, nanoparticles are formed along the
sidewall of subwavelength Si nanostructure. The dual semiconductor system
is investigated for photocatalytic bacteria disinfection in water. We show
disinfection of E. coli with just room light illumination on our proposed de-
vice. Possibilities of extending this device towards water splitting are also
discussed.

Each application is introduced with a brief motivation, description of the
experimental method, and discussion of the results. Possible future directions

are also presented.
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CHAPTER 1

LIGHT-MATTER INTERACTION FOR
APPLICATIONS TOWARDS RENEWABLE
ENERGY AND BIOSENSING

In the 21st century we are met with a consistent increase in demand for
technological innovation to overcome the challenges our society faces. Di-
minishing natural resources along with the need for sustainable growth have
led to investigations toward clean renewable energy schemes. Increase in
population and life expectancy have driven the demand for technological
advancement in healthcare. This presents engineering tasks for innovative
approaches that may cost effectively deliver high performance in both fields.
For energy, the specific conditions required for wind generators and the re-
cent tragedies involving nuclear power plants have opened opportunities for
utilizing solar energy. For healthcare, increasing average age and recent pan-
demics have heightened the need for low cost, high throughput biosensors for
pharmaceutical and vaccine development procedures.

The conversion of solar radiation to consumable electrical energy has been
explored in the field of photovoltaics [1] and also photocatalytic water split-
ting [2]. Semiconductor material with an electrical band gap absorbs the
incoming photon, converting optical energy to excited electron-hole pairs. In
photovoltaic, the electrical carriers are directly extracted by proper energy
band engineering. In photocatalytic water splitting, the excited electric car-
riers are injected into the electrolyte, enhancing the chemical reactions in the
proximity of the device surface. Both applications require practical schemes
to increase the photon absorption by the semiconductor surface to enhance
such energy conversion efficiency.

In the field of optical biosensors, fluorescence based detection and label-free
detection based on Raman scattering are the dominant approaches. Incoming
excitation laser would interact with the molecule of interest. In fluorescence
enhancement, such a molecule would be a fluorescent dye that would absorb
the incoming light and reemit at a higher wavelength. This requires the

detection target molecules to be tagged with such fluorescent dye material.



For Raman scattering, the excitation signal is inelastically scattered from the
molecule of interest itself. The loss of energy during the interaction with the
vibrational state indicates the specific chemical bonds, which may identify the
molecule. Hence, the basis of optical biosensor relies on a complex interaction
between incoming light, the device surface that is typically made of metal,
and the molecule of interest.

To provide the theoretical basis for both applications, in which incom-
ing photons interact with different types of materials, this chapter discusses
light-matter interaction. Section 1.1 introduces scattering, with emphasis on
Rayleigh and Mie scattering. Section 1.2 discusses the light-metal interac-
tion, leading to the illustration of surface plasmon resonance and localized
surface plasmon resonance. The light-molecule interactions, ranging from
absorption to fluorescence and scattering, are discussed in Section 1.3. The
extension of scattering into surface enhanced Raman scattering based on
plasmonic surfaces is discussed in Section 1.4. Finally, Section 1.5 provides

the readers with the overview of this thesis.

1.1 Interaction between light and matter: scattering

Scattering is the change in propagation direction of an electromagnetic (EM)
wave in the presence of a perturbing obstacle, as illustrated in Fig. 1.1.
The electron orbits within such obstacles induce an oscillation with equal
frequency to that of the incoming EM wave, causing a dipole moment. This
dipole moment acts as an EM radiation source, causing the scattering of
the incoming EM wave. The majority of scattered radiation propagates in
the same frequency as the original incident source, hence referred as elastic
scattering [3]. As light possesses the dual identity of particle and wave, such
wave theory is sufficient to describe propagation properties. It should be
noted that consideration of solid-state physics would be required for light-
matter interaction at the nanoscale.

We may describe the interaction between light and matter by showing the
relation between incident light intensity with that of scattered. With the
use of spherical coordinates, with the center of the scattering particle as the

coordinate origin,
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with I, and Iy as the light intensity for scattering and incident, respectively.
For spherical particles, it can be assumed that scattered light follows the
identical polarization as the incident light. Hence the scattering cross section,
Oscat, May be thought as the average of the two polarizations of interest.

The development of the above expression into a mathematical expression
for the cross sections may be carried out in two frameworks, Rayleigh scat-
tering and Mie scattering. The theory established by Rayleigh applies to
cases when the perturbing obstacle particle of interest is small in comparison
to incident light wavelength and when absorption may be neglected. Mie
theory is the general approach that is not limited by particle size. It is also
able to incorporate absorbing materials.

While Mie theory provides a wider scope of interest, Rayleigh scattering
is the preferred framework due to the relative simplicity. The condition that

validates such approximation is

Im|A < 1 (1.2)

2mwang

for A=

andm =n — iy

where a is the spherical radius of the scattering particle, ng is the index of
refraction of the surrounding medium, n is the index of refraction of the

scattering particle, v is the absorption term defined as

absorption coef ficient * A
A

’y:

In the regime of Rayleigh, the scattering cross section o,.,; may be defined as

27 (n? — 1)% a®
Oscat = —5

3 (n2+2)2 )\ (13)

The interesting result from Rayleigh scattering is the scattering cross section

dependence in the power of 6 to the spherical radius of the scattering particle



and that in the power of 4 to the incident wavelength. Such behavior is
the basis behind the blue color of the sky during daylight, since the blue
wavelength would scatter strongly in comparison to red. Only when we are
to limit the incoming solar illumination to a straight path, which would occur
during sunrise and sunset, will the red become the dominant color seen from
the solar radiation.

The thorough analytic treatment of Mie scattering may be found in works
such as [3].

1.2 Light-metal interaction: surface plasmon resonance
and localized surface plasmon resonance

Other than graded refractive index nanostructures, optical trapping may also
be possible with the utilization of surface plasmons. At the same time, such
surface plasmon conditions may be used for biosensing applications. This
section overviews the background for surface plasmons which is the basis for
metal enhanced fluorescence (MEF) and surface enhanced Raman scattering
(SERS).

Materials with negative real and small positive imaginary dielectric con-
stant can support surface plasmon resonance. Noble metals such as Ag and
Au satisfy the resonance condition in the optical wavelength [4]. Surface
plasmon polaritons (SPP), as in Fig. 1.2, are seen in continuous film of
metal-dielectric interface. We may interpret SPP as a coherent oscillation of
the free electrons of a conducting surface that is excited by an incoming elec-
tromagnetic wave. The plasmon will propagate along the metal-dielectric
interface and has an evanescent decay in the out-of-plane direction. The
resonance condition is highly sensitive to the dielectric constant of the sur-
rounding medium, and hence acts as an efficient sensing mechanism. Such
shifts due to interactions between the SPP with a molecule may be observed
with fixed wavelength varied angle, variable wavelength fixed angle, or fixed
wavelength fixed angle.

Application of the Drude-Sommerfeld model for metals may formulate the
dispersion relation in the surface plasmon phenomena. In this framework, the
electrons are allowed to freely move until they collide with other electrons,

defects, and phonons. The rate of such collisions is denoted as ~, which would



be the inverse of the electron relaxation time. The frequency dependent

dielectric function of the metal may be described as

w2

67" = 1 — —p. ]_4:

w? + 1wl (14)

where w), is the plasmon frequency and I' is the electron collision rate de-
scribed above.

In solving for the plasmon at a metal-dielectric interface, the longitudinal

wave propagation may be described as

W € w | w?—w?
k==, =2/ —2 1.5
c\Ve+1 c 2w2—w§ (1.5)

The resulting dispersion curve is shown in Fig. 1.3. Since the surface

plasmon dispersion has a momentum mismatch for the identical frequency
with photons, incident light cannot directly excite such plasmonic modes.
Hence additional momentum must be provided, which may be done by the
use of prisms in practical applications. This additional requirement hinders
such surface plasmon based sensing for cost effective, rapid optical biosensing.

Controlled fabrication of nanoparticles has led to demonstration of local-
ized surface plasmonic resonance (LSPR). Incoming optical radiation induces
an oscillation of charge, hence plasmons that oscillate locally around the
nanoparticle as shown in Fig. 1.2. Similar to SPP, the LSPR condition is
sensitive to the dielectric conditions, and may be directly used for sensing
applications [4]. An important characteristic of LSPR is the EM field en-
hancement relative to the incident field in direct proximity of the metallic
nanoparticle when resonance condition is met. The illustration is shown in
Fig. 1.2 for the case of single particle LSPR. The field density is locally
enhanced when the particle is in resonance. However, for off resonance, such
effect is not seen. Arrays of such features create local hot spots of EM field
enhanced regions in between adjacent nanoparticles. This condition, which
is fulfilled in the visible wavelengths for gold or silver, is the basis for surface
enhanced spectroscopy. LSPR conditions may be tuned with the size, shape,
material of the nanoparticle, and the gap distance between the metal features
[4].



LSPR has a single resonance frequency, whereas SPP has the dispersion
relation shown above. With the physical system consisting of metal parti-
cles in the nanoscale, absorption and scattering both become of interest in
studying the extinction characteristics. Hence we would need to use the Mie

scattering approach described above.

1.3 Light-molecule interaction: absorption,
fluorescence, and scattering

The light-molecule interaction is described by the Jablonski diagram as show
in Fig. 1.4. The different interactions shown are absorption, fluorescence,
Rayleigh scattering, Raman scattering, and phosphorescence. Rayleigh scat-
tering has been covered in previous sections, and Raman will be discussed in
the following section. Hence the discussion within will focus on the remaining
interactions.

The incident light exchanges energy with the molecule in a quantized way
by three different methods: electrical energy, vibrational energy, and rota-
tional energy. Each electric energy level may be divided into several different
vibrational modes, and each vibrational mode may be continuously split into
rotational levels, as shown in Fig. 1.5.

When molecules absorb incoming photon energy, it may be excited to a
higher electrical energy level. However, the excitation would prefer to fall into
the same vibrational mode within the excited energy level. This is explained
by the Franck-Condon theory. It occurs since the physical atomic dislocation,
hence vibrational mode, may not transition in the same time scale as the light
absorption. Hence the nuclei would not be able to transition immediately,
causing the molecule to prefer a relatively higher energy. It would take
additional time for the molecule to relax down to a lower vibrational mode
within the excited energy state.

The electrical energy states in the diagram may be categorized by the
status of electron spin, with S representing a singlet state and T for triplet
state. The singlet state is the case for when spin is balanced, hence there
would not be any need for reorientation for relaxation. On the other hand,
triplet state requires the spin to reorient before relaxation. For this, singlet

state is referred to as short-lived whereas triplet is long-lived, as shown in



Fig. 1.6.

With the definitions, it is now possible to explain the process for both
fluorescence and phosphorescence. In the case of fluorescence, the incoming
photon causes the molecule to enter a higher electrical energy level that
corresponds to the vibrational mode it was originally in. After the molecule
reorients to a lower vibrational mode, the molecule undergoes an electrical
energy level relaxation, emitting a photon. The molecule would fall into
the vibrational mode it was in immediately prior to relaxation. It would
then further undergo relaxation of vibrational modes. For phosphorescence,
rather than directly relaxing, the excited energy state would transition to
a triplet state via intersystem crossing as seen in Fig. 1.6. The system
would then relax to the electrical energy ground state, emitting a photon.
Normally intersystem crossing is not allowed, but spin-orbit coupling may
increase the probability of such occurrence. In comparison to fluorescence,
the intersystem crossing as well as the required reorientation of spin causes
phosphorescence to have a lower probability and hence a longer relaxation

time.

1.4 Surface enhanced Raman scattering

The Raman scattering, or Raman effect, is the inelastic scattering effect
of photons on the vibrational or rotational states of molecules. Incident
photons of certain frequency are inelastically scattered, and shifted in the
frequency domain by a characteristic molecular vibration frequency amount.
This amount in frequency shift is used to identify the molecule of interest.
Typically the scattered Raman signal will result in energy lower than the
incident wave. Another feature of interest is the bandwidth of the Raman
signal in comparison to fluorescence. The fluorescence spectrum is relatively
broadband, and does not give as much information of the molecule structure.
On the other hand, the Raman signal provides information related to the
vibrational levels of the molecule, which may be used to specifically identify
the molecule type [5]. However, Raman scattering has an extremely low cross
section, which is 12 to 14 orders lower than that of fluorescence. This result
in low probability of Raman scattering occurrence (1 in a million incident

photons), hence the signal strength is weak [6].



The Raman scattering may be treated analytically referring to the ap-
proach taken for the light-matter scattering above. With the incident EM
wave interacting with a particle, the strength of the dipole moment that is

induced, P, may be expressed as

P = aFEycos (2T fot) (1.6)

with « as the polarizability, Ey as the amplitude and f; as the frequency of
the incoming EM wave.

Since the interaction between the incoming EM wave and the electrons
in a material would depend on the relative locations of atoms, we may take
polarizability to be dependent on the locational displacement of atoms during

vibrations. Such physical displacement may be expressed as

dL = Locos(2m f,t)

where Lg is the maximum displacement and f, is the vibrational mode fre-
quency. If we insert the above expression for polarization, with Taylor ex-

pansion it may be simplified to

O O
o= Qg+ 8_LdL =g + 8—LL0608(27vat)

Inserting the above expression into Eq. 1.6, we are able to get

oo LO EO
oL

P = agEqcos(2m fot)+( V{cos2n(fo— fo)t]+cos2m(fo+ fu)t]} (1.7)

Hence it is shown in Eq. 1.7 that there are three possible scattering fre-
quencies. The first terms indicate that the scattered signal follows the same
frequency as the incident wave. Hence this would be the elastic scattering,
in other words Rayleigh or Mie scattering. The two inelastic scatterings
described above are Raman scattering, with the decrease in frequency corre-
sponding to Stokes shift and the other to anti-Stokes shift.

For applications toward spectroscopy, considerations of scattering cross
section must be understood. It is conventional to consider the scattering

signal in units of cm™! hence in terms of wavenumber. The relation between



the scattering cross section and wavenumber is described as

o~ (Wo — wy)* (1.8)

where wy and w, are the wavenumber of the incident light and scattered sig-
nal, respectively. Hence the Raman cross section will increase as the incident
light wavelength decreases. However, the possibilities of absorption may also
increase as shorter wavelength lasers such as those in UV range are used.
Also, since the wavelength difference between the incident light and target
Raman signal is constant, the utilization of lower wavelength laser forces the
difference between the two to decrease. This may make it difficult to dif-
ferentiate between the incident light and Raman scattered light. For such
reasons, typical Raman setups utilize the lasers in the visible wavelengths.

The Raman effect may be enhanced mainly with electromagnetic field en-
hancement. Such surface enhanced Raman scattering (SERS) utilizes the
resonance of incident optical wave with localized surface plasmon modes
of the metal substrate. This induces a redistribution of near EM fields to
the substrate. The SERS substrate from this effect can be considered as
nanoscale antennas for transmitting and enhancing the Raman scattering
effect. The enhancement depends on the interaction between plasmons, ex-
citation, and scattered fields. Hence the surface morphology, material, and
excitation wavelength would determine the degree of enhancement. Matching
the resonance condition of the LSPR metal particle array with the excita-
tion light would highly increase the SERS effect. With the SERS excitation
wavelength fixed, different shapes of nanoparticle array are fabricated to shift
the LSPR resonance condition. It is seen that the SERS data decreases as
the LSPR resonance peak deviates from excitation laser wavelength [7]. For
increased efficiency of SERS, it would be advantageous to have more EM hot
spots per surface area. The planer surface metallic particle packing approach
is limited by the lithography capability. It would have enhanced efficiency
with capability of additional dimensionality of hot spot formation.

The LSPR nanoparticle array provides enhancement of fluorescence. Both
the radiative and non-radiative decay rates of the fluorophore are modified.
The radiative decay is dominantly affected in comparison, resulting in an
increase in the quantum yield of the fluorescence process [6]. Such effect

arises from the coupling between LSPR modes with the emission band of



fluorophores. Hence the enhancement will be highly affected by the LSPR
mode conditions as well as the distance between the fluorophores and metal
particles [8]. Similar to LSPR based SERS, high density EM hot spots would

increase the fluorescence enhancement effect.

1.5 Overview of thesis

The thesis will cover the topics of subwavelength nanostructure device for
applications in photocatalytic reactions and optical biosensing, as illustrated
in Fig. 1.7. With Chapter 1 providing the background, Chapter 2 will
focus on the fabrication of nanostructures. Reviews of previously reported
fabrication schemes are illustrated to provide a background for comparison.
Optical characterization of the proposed device has been done to prove the
capability of enhanced photon absorption. In Chapter 3, the highly photon
absorbent semiconductor surface is used for photocatalytic transformation
of metal nanoparticles. The direct reduction of metal ions has also been
demonstrated. The thesis then discusses the use of such nanostructures as the
backbone material for 3D stacked metal nanoparticles in Chapter 4. Different
approaches of forming such 3D metal nanoparticle structure are discussed.
Optical biosensing performance dependence on the substrate material is also
investigated. The fabrication schemes for such metal nanoparticles have also
been applied for semiconductor material such as TiOs, which is utilized for
water disinfection and water splitting experiments in Chapter 5.

This thesis has been structured such that the reader may gain insight
into the described material in separate chapters without needing to read the
entire thesis. Each chapter provides sufficient details about the experimental
approaches as well as future directions so readers may extend the details

towards other applications of interest.
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1.6 Figures
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Figure 1.1: The interaction between incoming EM wave and matter [3].
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Figure 1.2: Schematic diagram showing the incoming electric field and
corresponding electric carrier movement for surface plasmon resonance
(SPR) [4] and localized surface plasmon resonance (LSPR) [9]. The EM hot
spots formed due to LSPR are show as well [10].
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Subwavelength Nanostructures

high photon absorption sidewall structure

Photocatalytic 3D stacked metal

reaction with nanopatrticle
room light substrate for
illumination optical biosensor

Photocatalytic
nanoparticles

Figure 1.7: Schematic illustrating the overview of the thesis. Two distinct
properties, high optical absorption and repeated grooved sidewalls of
nanostructures, are explored. The results gained from both experiments are
merged for demonstration on photocatalytic nanoparticles.
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CHAPTER 2

FABRICATION AND CHARACTERISTICS
OF SUBWAVELENGTH
NANOSTRUCTURES

For photoelectric devices such as photovoltaic (PV) devices and photodetec-
tors, enhancements in the incident photon absorption by the semiconductor
materials can improve the photoelectric energy conversion efficiency and de-
vice sensitivity. The lack of absorption as well as leaking of light has been
a major source of energy loss within solar cells [1] as shown in Fig. 2.1.
Methods that utilize diffuse reflection substrates [13] or distributed Bragg
reflector with antireflection coating [14] on thin film Si have provided pro-
longing of optical absorption pathway within PV device structure. However,
such films are only efficient for normal light incidence and for specific wave-
lengths [15]. Highly efficient reduction in the reflection over a wide range
of incident angle as well as over the broadband solar spectrum is proved to
be difficult, especially for thin film PV devices with the thickness of a few
microns. Here, we discuss the capabilities of subwavelength nanostructures
to have two functions: effectively absorb incoming photons over a wide range
of wavelength and ensure light trapping within the semiconductor device.
The outline of this chapter is as follows: Section 2.1 introduces the previous
literature survey on fabrication of randomized subwavelength nanostructure.
Section 2.2 provides the same for ordered and semi-ordered nanostructures.
The fabrication of the proposed nanopore/nanoscrew Si device is illustrated
in Section 2.3. Fluidic characteristics of the proposed devices are given in
Section 2.4, with optical characteristics in Section 2.5. Concluding remarks

will follow in Section 2.6.
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2.1 Review on fabrication of randomized
nanostructures

Randomized nanoscale silicon features are based on non-lithographic ap-
proaches. Such random nanostructure may be fabricated by a wet metal-
assisted chemical etching approach [16, 17, 18, 19] or by a dry etching scheme
20, 21, 22, 23].

This typically reduces the number of steps required for device fabrication,
enabling an economical approach towards achieving subwavelength nanos-
tructures. Also, the randomness of the structure enables scattering of incom-
ing waves over a broad range of wavelengths. The disadvantage, however, is
the relative difficulty in predicting the specific optical properties of the ran-
domized surface structures. The practical fabrication issues associated with
each approach are illustrated below as well.

The metal-assisted chemical etching utilizes HF /HyO4 solution based Si
etching. Metal nanoparticles are randomly dispersed on the Si substrate,
which acts as a catalyst for the Si etching reaction. The overall chemistry is
balanced in Eq. 2.1 and Eq. 2.2.

Cathode reaction — at proximity of catalyst metal : (2.1)
H202 + 2H — 2HQO + 2h+
21’1Jr + 2¢7 — HQ

Anode reaction — at etching target, which is Si : (2.2)
Si+4h™ + 4HF — SiF, + 4H*

Hence, the overall chemical reactions results in the catalytic the conversion
of Si to HySiFg. This approach of chemical based etching produces a deep
directional etch into the Si substrate only in the proximity of noble metallic
particles. However, the chemical etch would still induce surface roughening
in other areas that were not targeted for deep etch, as seen in Fig. 2.2.

The resulting surface damage may be a disadvantage for chemical based
subwavelength nanostructure fabrication, especially due to increased surface

defects. To overcome such difficulties, similar structures may be made by
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plasma etching as well. Rapid thermal annealing (RTA) based metal nanodot
assembly [24, 25, 20] provides metallic etching mask. Metal thin film of
approximately 10 nm is deposited on a prepared Si substrate by methods
such as electron beam evaporation. The metal deposited Si wafer is subjected
to RTA. Thermal capillary wave is applied to the Ag thin film by the injected
thermal energy [25]. The wavelength of the wave depends on the thickness of
metal layer and the surface tension between two materials [24]. With enough
energy, selected areas of the substrate with high amplitude will break the
metal thin film and form isolated metal particles. The substrate is then
subjected to reactive ionic etching (RIE). Due to the random distribution of
the RTA metal mask, the resulting pillar structures will also have random
diameter and inter-pillar distance, as seen in Fig. 2.3. The requirement of
an etching mask based on noble metals sets limitations on this approach in
comparison to the other cost-effective fabrication schemes.

Direct self-masking in the RIE process is another approach. The plasma in
the RIE chamber provides randomly distributed passivation that would act as
an etching mask for Si etching [21, 22, 23]. The chemical reaction within the
RIE chamber leads to formation of oxide-based nanoparticles simultaneously
during Si etching. The resulting nanostructure takes the form of slightly
tapered pillars, as in Fig. 2.4. This approach has the advantage of reducing
fabrication steps required for the fabrication of pillar structures. However,
the delicate condition required to form the self-induced etching mask narrows
the processing window. The condition also becomes increasingly challenging

to match due to the loading effect [26] as the target wafer size increases.

2.2  Review on fabrication of ordered and semi-ordered
nanostructures

In comparison to random structures, the fabrication schemes for ordered
nanostructures allow relative robustness as well as ease of study. The high
reproducibility as well as superior yield has led to investigation of various
approaches to achieve such subwavelength nanostructures.

One method of fabricating ordered nanostructures is the use of ebeam
lithography [27] as in Fig. 2.5. By defining the nanoscale features by on alu-

mina by ebeam lithography, it is possible to form a robust etching mask on Si.
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Sequentially, the Si wafer is subjected to inductively coupled plasma (ICP)
RIE to remove the exposed regions. The size of the Si nanostructure may be
additionally thinned by thermal oxidation of the nanostructure surface [28].
However, the use of ebeam lithography makes this approach difficult to scale
to larger area applications.

To a certain dimension limit, optical lithography may also be used to
overcome the difficulty of ebeam lithography [29]. With the utilization of
interference lithography, periodic features in the range of 100 nm and similar
spacing may be patterned on photoresist. The patterned photoresist is then
hard-baked as an etching mask for subsequent RIE process. The resulting
structures form the same periodic patterns of that formed by the initial
lithography step, as shown in Fig. 2.6. The disadvantage of this approach
is the complex optics and lens strength required. Also, multiple additional
steps of lithography are required for planar surfaces to be integrated with
this sample.

The metal-assisted chemical etching process discussed for random nanos-
tructure formation can also be used with various approaches of metal pat-
terning for ordered structures as well. The process starts with evaporating
a 10 nm thick layer of Ag on the Si wafer. While there are lithographic and
ebeam based approaches [30], our interest is to discuss non-lithographic ap-
proaches for higher throughput and cost effectiveness. With a process called
superionic solid state stamping (S4) [31], an AgyS stamp is brought into con-
tact with the Ag thin film on the Si substrate. A voltage bias is applied
across the stamp and substrate setup, inducing ions from the Ag thin film
to be released into the stamp. This causes the Ag thin film to form reverse
patterns of the prepared stamp, effectively patterning the Ag metal mask
on Si in nanoscale features. Hence metal-assisted chemical etching on this
substrate would result in the fabrication of specific patterns, as illustrated in
Fig. 2.7. Various patterns shown in Fig. 2.8 can be formed by this approach
32].

Ordered silicon nanopillars based on nanosphere lithography and subse-
quent RIE have been demonstrated on Si substrates [33, 34]. The overview
and results are displayed in Fig. 2.9. Polystyrene or silica nanospheres are
uniformly dispersed on Si wafer. For efficient etching and shorter inter-pillar
distance, monolayer deposition of nanosphere is preferred. The pillar diam-

eter may be controlled by the initial sphere diameter as well as subsequent
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nanosphere shrinking by isotropic dry etch. The sample is then etched in
RIE for fabrication of nanopillars. Tapered nanopillars may also be fabri-
cated by etching the nanosphere and the substrate material at the same time
[33]. Intentionally utilizing etching gas that has low selectivity between the
nanosphere and substrate material may do this. The difficulty of nanosphere
lithography based etch is the required multiple steps required for integration
with planar surface.

Another approach to produce ordered nanostructure without lithography
is the semi-ordered masking by anodized aluminum oxidation (AAO) tem-
plates followed by focused ion beam (FIB) etching [35]. The method itself
would provide a robust and possibly economical way to produce nanostruc-
tures of interest. However, previous approaches based on AAO templates
generally cannot produce efficient light trapping features such as deep pore
structures or pillars that have aspect ratios higher than 4, as shown in Fig.
2.10. Capabilities to overcome such limitations and having precise control
of structural geometry may elucidate more physical insight of light trapping

nanostructures.

2.3 Fabrication of nanopore/nanoscrew Si

In this section, we report on the demonstration of a robust fabrication ap-
proach for making both nanopores and a type of graded refractive-index sub-
strate we name as nanoscrews due to the tapered pillar appearance. AAO
template is formed as an etching mask against subsequent deep reactive-ion
etching (DRIE) process. The etching is significantly efficient and the longest
etch time performed for micron-height samples reported in this chapter has
been less than 100 seconds. Also, the capability to freely select the nanos-
tructures to be either nanopore or nanoscrew with the same surface pattern
provides versatility in device fabrication.

The fabrication procedures for both nanopore and nanoscrew are illus-
trated in Fig. 2.11. Unless stated otherwise, device fabrication and charac-
terization have been conducted within the Micro and Nanotechnology Lab-
oratory in the University of Illinois at Urbana-Champaign. N-type single
crystalline Si < 100 > sample is degreased with acetone and IPA. Thorough
residue removal of sample is done by 5:1 HySO4/H204 piranha etch followed
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by 10:1 HF for oxide removal. 200 nm of Al is deposited onto the substrate
either by thermal or electron beam evaporation with 99.99% pure Al source.
The sample is then immersed into 0.3 M oxalic acid where a constant voltage
of 40 V is applied across the Al film and counter electrode. This condition is
from previous literature in which pore distance of 95 nm has been observed
[36]. For the Al film presented in this chapter, the anodization time of total 12
minutes has been used. The AAO mask pores are then widened by Transene
Al Etchant type A, which completes that AAO template formation. The re-
sulting SEM images are shown in Fig. 2.12. Nanopore and nanoscrew Si are
made by DRIE in a STS Advanced Silicon Etcher (STS ASE). The STS ASE
provides high aspect ratio deep etching of Si with the Bosch process, with al-
ternates between etching with SFg and sidewall passivation with C4Hg. Such
alternation of etching and passivation allows enhancement of anisotropic etch
in the ICP RIE process, as seen in Fig. 2.13. The difference between the
fabrications of the nanopore and nanoscrew is the etch/passivation rate ra-
tio applied for the Bosch process. If the etch/passivation ratio is balanced
such that the passivation is enough to protect the sidewalls during etch, Si
nanopore structure can be obtained. As seen in Fig. 2.11, the nanopore
samples show specular reflection characteristics and the change in optical re-
flection characteristics is dependent on the depth of the nanopores. On the
other hand, with more aggressive etching compared to passivation, the under-
cut beneath the AAO mask results in the tapered nanoscrew features. Due to
their graded refractive-index nature, the nanoscrew samples only show very
low diffuse reflectance. The apparent diffuse reflectance color changes and
higher nanoscrews exhibit enhanced suppression in the reflectance intensity.
After Si etching, both types of samples are put under hydrofluoric (HF) acid
followed by piranha etch and then HF etch to remove the AAO mask and
polymer byproducts of Bosch process.

The nanopore and nanoscrew features may be integrated with each other
or with a planar surface on the same substrate by photolithography. Conven-
tional lithography with Karl Suss MJB3 Contact Mask Aligner and S1818
as photoresist (PR) is used for differentiation of the surface. For nanopore
or nanoscrew integration with planar Si surface, as in the left image of Fig.
2.14, lithography is directly done on the AAO template covered substrate
prior to DRIE process. The PR covered portion is protected against the

nanopore and nanoscrew formation.
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2.4 Fluidic properties of nanopore/nanoscrew Si

In absence of an external electric field, the surface hydrophobicity comes
from the balance of surface tension. The physical system consisting of a
water droplet on a particular rigid substrate can be divided into domains
of solid (substrate), liquid (water) and vapor (ambient surrounding) [37].
The balanced water droplet surface tension comes from the summation of
three different interfacial energies: solid-vapor (F,), solid-liquid (Fy), and
liquid-vapor (Ej,). It is worth noting the direction of each energy as well,
shown in Fig. 2.15. FE, is parallel to the substrate surface away from the
droplet surface, Fy; is also in parallel to the substrate but towards the droplet
surface and liquid-vapor Ej, is in the normal direction of the water droplet.

The relation between the interfacial energy and contact angle, a, is

Esv - Esl
El'v

In addition to contact angle, the surface state is also of interest to correctly

cos(a) = (2.3)

understand the fluidic properties of a micro or nanostructured surface. The
Cassie state is that in which an air gap is trapped between the applied liquid
droplets. On the other hand, the Wenzel state is when no such gaps exist.
The surface is completely wetted when in the Wenzel state [38].

In fluidic characteristics, we have tested the contact angle of water on the
prepared nanopore/nanoscrew surface. The contact angle measurements in
Fig. 2.16 illustrate the self-wetting nature of our device. The hydrophilic
nanoscrew is used as the channel, whereas the hydrophobic nanopore is used
as the channel surrounding. A photograph of the finished device, with demon-
stration of fluidic confinement within the hydrophilic channel, is shown in Fig.
2.17. It is shown that the nanopore is in the Cassie state and has a relatively
high contact angle ranging from 60° to 149° for different etching depths. As
for the nanoscrew, the contact angle is less than 6° and is in the Wenzel
state.

The hydrophilic nature of the nanoscrew substrate is due to enhanced
roughening caused by the grooves on the nanostructure sidewalls. It has
been previously demonstrated that extreme roughness in nanoscale features
would lead a normally hydrophobic substrate to exhibit complete surface

wetting [39]. Such illustration is shown in Fig. 2.18.
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2.5 Optical characteristics of nanopore/nanoscrew Si

Optical characteristics of Si nanostructures were evaluated by diffuse re-
flectance measurements via a Varian Cary 5 G spectrophotometer. Scan-
ning Electron Microscopy (SEM) images were taken from a Hitachi S4800
High Resolution SEM system. The SEM images in Fig. 2.19 show the side
view of the nanopores, along with the same in higher magnifications. Silicon
nanopores with etching depths targeted for approximately 550 nm, 750 nm,
and 1600 nm are shown. The scalloped profiles of the nanopore sidewall are
formed due to the etch/passivation sequence of the Bosch process. The dis-
crepancy between neighboring pore depths in the same sample are due to the
etching rate dependence to AAO mask opening. The AAO mask templates
are only semi-ordered, hence adjacent pores may have different diameters.
This creates increased etching rate in larger diameter pores, which becomes
more apparent as the target etching depth increases. The optical data shows
significantly suppressed specular reflectance, with the 1600 nm deep sample
becoming essentially black. However, the nanopore surfaces have an abrupt
change in the refractive index; hence they still have strong optical reflection at
the Si-air interface. This is seen from the diffuse reflection measurements that
are included in the plot of Fig. 2.19. Fig. 2.20 shows optical characteristics
related to the graded refractive-index nanoscrews. Nanoscrews with average
approximate heights of 550 nm, 800 nm, and 1300 nm are shown. Similar to
the nanopores, scalloped sidewall profiles of the nanoscrews are created in the
Bosch process and so is the discrepancy of neighboring screw heights. The
apparent naked eye colors of the silicon nanoscrew surface range from dark
blue (nanoscrew height 550 nm), dark violet (nanoscrew height 800 nm), and
black (nanoscrew height 1300 nm). We attribute the stronger diffuse reflec-
tion of the blue and violet light (Fig. 2.20) to the stronger optical scattering
at shorter wavelengths. The light trapping efficiency can be improved by
increasing the nanoscrew height. The diffuse reflectance may be suppressed
even down to less than 2.2% in the entire visible wavelengths, as seen in
the case for 1300 nm high nanoscrews. The sharp tip and tapered profile
of the nanoscrews enables the matching of optical refractive index between
air and Si, hence reducing reflections by enhancing the light transmission at
the interface [40]. Enhanced scattering would occur in both nanopore and

nanoscrew. The two mechanisms for the optical characteristics are shown in
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Fig. 2.21. Additional experiments with thin films will be performed in the
future to verify whether the nanoscrew layer enhances optical transmission

into the underlying Si or absorbs the majority of incoming light.

2.6 Conclusion

In summary, we have demonstrated a controlled fabrication of both nanopore
and graded refractive-index nanoscrews with the same AAO mask. We have
applied this technique in the demonstration of nanopores and nanoscrews of
desired dimensions. The reduced specular and diffuse reflection reflectance
of both nanopores and nanoscrews has been observed, confirming the ex-
tremely effective antireflection and light trapping function of the nanoscrew
substrate. Integration of these nanostructures with each other on planar Si
substrate surface has been presented. The approach from this section will be
applied to devices that would benefit from better photon trapping such as

photochemical reaction substrates.
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2.7 Figures
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Figure 2.1: Possible sources of loss in solar cells. Dark blue loss is due to
entropy while the light blue regions show energy losses. This shows that the
main loss is due to thermalization and lack of absorption [1].
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Figure 2.2: Metal-assisted wet chemical etching of porous Si by Au assisted
HF /H504 etch for 30 seconds. The SEM images are 30° tilted from normal
incidence. (a) Au assisted etch are for p+ doped Si. (b) p+ doped Si in
HF /Hy05 etch without Au. (c¢) Lightly p doped Si in HF/H504 etch
without Au [17].
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Figure 2.3: Reactive ionic etching (RIE) based nanostructure fabrication by

utilization of rapid thermal annealed (RTA) metal etching mask. (a) and
(b) Resulting pillars under different etching conditions [20].
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Figure 2.4: RIE based approach for simultaneous masking and etching. The
gas composition in the RIE chamber enables a chemical reaction to form in
situ nanomasks on the substrate surface that is then etched simultaneously

[22].
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Figure 2.5: Ordered structures have been fabricated by the use of e-beam
lithography. The rippled features on the sidewalls are due to the repeated
etch-passivation of the Bosch process [28].

(A) Pt

Figure 2.6: Ordered nanopillars fabricated by interference lithography
followed by RIE. SEM images have been tilted 25°. The pillars in image (b)
have 80 nm of Ag deposited on top [29].
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Figure 2.7: Flow chart showing fabrication of nanostructures with

superionic solid state stamping followed by metal assisted chemical etching
32].
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Figure 2.8: SEM images showing resulting features fabricated by superionic
solid state stamping followed by metal assisted chemical etching [32].

Figure 2.9: Nanosphere lithography followed by RIE for nanopillar or
tapered pillar [33].

29



Figure 2.10: Anodized aluminum oxide (AAO) masking followed by RIE
[35].
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Figure 2.11: Schematic showing the fabrication flow of nanopore and
nanoscrew based on Bosch process on anodized aluminum oxidation mask
[41].
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Figure 2.12: SEM images showing the AAO film resulting from anodization
of Al in oxalic acid solution for self formed nanopore alumina. The
parameters of interest are applied voltage, oxalic acid concentration, and
anodization time.

Figure 2.13: Cross sectional SEM images showing the etching result from
DRIE based Bosch process. The same AAO mask has been used for the
three samples. The parameters of interest are the passivation and etching
conditions including time, inductive coil power, and applied DC voltage.
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bare Si

Figure 2.14: Images of integration of nanoscrew with planar Si. (a) 30
degree tilted SEM images. (b) Macroscopic image of the integrated device
[41].

Figure 2.15: Balance of interfacial energy of water droplet on rigid surface
[37].
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Nanopore

Figure 2.16: Contact angle images of nanopore (top left) and nanoscrew
(top right) with 3 pL of water. SEM image (bottom) showing both
nanopore and nanoscrew integrated on a single substrate [42].

nanoscrew
»
nanopore :

Figure 2.17: Image of nanoscrew integrated with shallow nanopores with
ruler in cm scale (left). Image of sample with water dropped within channel
on flat (top right) and tilted (bottom right) view [42].
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Figure 2.18: The relationship between nanostructures and surface
hydrophobicity. (a) Originally hydrophobic materials enhance the
hydrophobicity with nanostructures. (b) Originally hydrophilic materials
enhance the surface wettability with nanostructures. (c) Extreme
hydrophilic surfaces are obtained with highly roughened surface [39].
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Figure 2.19: SEM images of nanopore Si for (a) 550 nm depth, (b) 750 nm
depth, and (c) 1600 nm depth. Optical data for diffuse reflectance is
presented in (d) [41].
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Figure 2.20: SEM images of nanoscrew
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nanoscrew [41].
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Figure 2.21: Schematic on the left showing the concept of graded refractive
index [19]. Overview image on the right shows how optical characteristics of
graded and abrupt structures would differ from each other due to graded
refractive index. It would be a common attribute to have increased
scattering within the nanostructures.
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CHAPTER 3

RAPID PHOTOCHEMICAL REACTIONS
ON NANOSCREW SILICON

The highly optically absorbent nanoscrew Si surface discussed in previous
chapters opens the possibility toward converting sun light into energy. While
the direct conversion would lead to the research in photovoltaics, we have
been interested in other types of applications. Specifically, we have searched
for possibilities toward utilizing the nanoscrew Si for applications toward
photochemical reactions. The excited electron-hole pair will be injected into
the electrolyte of interest, in which reduction or oxidation may occur. This
would provide means of photocatalytic devices that utilize direction injection
of carriers rather than inducing additional thermal energy.

The outline of this chapter is as follows: Section 3.1 introduces the read-
ers to the motivation behind rapid photochemical reactions, particularly to-
wards nanoparticle fabrication. Section 3.2 introduces the fabrication of Ag
nanoparticles on planar substrate by thermal dewetting. Control experiments
are conducted on this substrate to illustrate the overview of the redox Ag
transformation reaction. The chemical redox reaction on nanoscrew Si device
is demonstrated in Section 3.3. The mechanism of the nanoscrew Si chemical

redox reactions is modeled in Section 3.4, with conclusions in Section 3.5.

3.1 Motivation for photochemical metal nanoparticle
synthesis

Noble metallic nanoparticles have sparked interest in numerous scientific in-
dustrial communities as a universal nanomaterial. A key characteristic of
nanoparticles derives from their interaction with light. Optical illumination
with proper wavelength excites the collective oscillation of electrons in the
interface between metal nanoparticles and the dielectric surrounding; such a

phenomenon is defined as localized surface plasmon resonance (LSPR). The
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LSPR effect results in local E field enhancements and fluorophore emission
rate increase, enabling enhancements in applications such as fluorescence la-
bel detection [43, 44, 45|, surface enhanced Raman scattering [7, 46], plasmon
resonance based refractive index sensing [47, 48, 49], photodetection [50] and
DNA detection [51]. With the mechanism originating from the collective
oscillation of charge, the morphology of the metal nanoparticle attributes
strongly to the LSPR conditions. Hence the controlled, cost effective fabri-
cation of such nanostructures is of key in the adaptation of this technology
for practical applications.

Methods to strategically place metal nanoparticles in certain locations and
to mold them into particular physical shapes have benefited the diverse ap-
plications above. Recent studies have suggested that some metallic nanopar-
ticles such as silver nanoparticles are much less structurally and chemically
stable in comparison with the continuous metal thin film and bulk metal
when exposed to water, oxygen and heat [52, 53, 54]. This relative instability
has been utilized in previously reported efforts on structural transformation
from spherical colloidal to prism shapes [55, 56, 57] and hollowing of noble
metal nanoparticles [58]. The structural transformation of metallic nanopar-
ticles in solution is due to nanoscale metal ionization and reduction processes.
Ionization is understood to be due to surface oxidation of Ag nanoparticles
in the presence of ambient oxygen and water [52]. The reduction reaction
is achieved by two approaches, which are thermal and photochemical [55].
However, both reactions require various chemical treatment and long reaction
time, preventing cost-effective scaling of metal nanoparticle synthesis. The
thermal method requires various steps of chemical treatment to overcome the
activation energy to achieve higher yield rate [55, 56|, whereas photochemical
approach based on plasmonic excitations still require tens of hours for the re-
action to complete and bis(p-sulfonatophenyl)phenylphosphine dipotassium
salt (BSPP) as a particle stabilization agent [55, 56, 57]. The disadvantages
of specific chemical treatment requirement as well as tens of hours required
for reaction completion hinder the rapid material synthesis.

Herein, we have demonstrated a rapid photochemical reaction substrate
that completes such metal nanoparticle transformation reaction cycle within
5 minutes. By utilization of a special sharp-tip Si nanostructured device we
call a nanoscrew, we show that noble metal nanoparticles may be structurally

transformed through fast ionization and reduction with only pure water and
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room light illumination. We have also demonstrated direct rapid reduction
of ions in metal electrolyte into metal nanoparticles, drastically reducing the
reaction time required in comparison to conventional synthesis approaches.
The results shown in these sets of experiments provide the basis of utilizing
the same substrate towards other photocatalytic applications such as water
splitting [59, 60, 61, 62, 63] and ethylene epoxidation [64].

The optically illuminated Si nanoscrew device surface dramatically en-
hances the catalytic redox reaction in water leading to the rapid dissolving
of predeposited Ag nanoparticle thin film and the transformation into prism
shaped Ag nanoparticles. Previous reports [52, 53, 54] in the literature con-
firming this transformational reaction required time scales of 1 day [53] to
1 week [52] in room temperature. The prism shaped nanoparticle growth
matches with the results from previous photocatalytic approaches [55, 57].
It has been suggested that plasmonic effects of the silver nanoparticles dom-
inate such catalytic reactions [55, 57, 64]. However, additional experiments
on strong reduction of ionic metal solution in absence of metal seeds provide
insight into different mechanism. Besides Ag nanoparticles, we were also
able to achieve growth of Au nanoparticles on Si nanoscrew device directly
from the reduction of gold ionic solutions without adding additional reducing
agents. From the evaluation of these two sets of experiments, it is shown that
the mechanism behind the proposed device has additional physics to what
has been previously observed. Experimental results suggest that the quan-
tum physical properties of the nanoscale semiconductor substrate contribute

to the rapid chemical reaction we have observed.

3.2 Redox of Ag nanoparticles on planar surface

Prior to demonstration of the proposed rapid photochemical substrate, the
equivalent experiment is conducted on planar Si substrate as a control ex-
periment. This section will also describe the overall ionization-reduction
chemical reaction cycle of Ag nanoparticle transformation. Unless stated oth-
erwise, device fabrication and characterization have been conducted within
the Micro and Nanotechnology Laboratory in the University of Illinois at
Urbana-Champaign.

Randomly isolated Ag nanoparticles are prepared on planar Si by thermal
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dewetting, as shown in Fig. 3.1. The silicon wafer is cleaned by piranha
etch to ensure there are no organic residues on the surface. Electron beam
evaporator (CHA ebeam evaporator) is used to deposit 10 nm Ag film on the
prepared silicon substrate. The metal deposited Si wafer is then subjected
to rapid thermal annealing by Jipelec Rapid Thermal Processer. Thermal
capillary wave is applied to the Ag thin film by the injected thermal energy.
The wavelength of the wave depends on the thickness of the metal layer and
the surface tension between two materials [24]. With enough energy, selected
areas of the substrate with high amplitude will break the metal thin film and
form isolated metal particles.

With the thermal dewetted nanoparticle substrate, deionized Millipore wa-
ter and moderate heat are applied for Ag transformation experiments. The
overall reaction is illustrated in Fig. 3.2. Isolated Ag nanoparticles in con-
tact with water on Si substrate are ionized by oxidation of the metal surface
in an oxygen rich environment. The Ag ions cause the deionized water to
become an electrolyte, which is then subjected to reduction to form new Ag
nanoparticles in the proximity of the original nanoparticle location. Previous
reports in the literature have confirmed this reaction in time scales of 1 day
[53] to 1 week [52] in room temperature. In our control experiment with Ag
nanoparticles on planar Si prepared by thermal dewetting of thin film Ag,
we have observed that Ag nanoparticles have begun to form a thin film in
the proximity of the original location after two hours in water heated at 60
°C.

3.3 Photochemical redox of Ag nanoparticles on
nanoscrew Si

The same experiment is conducted on the nanoscrew Si surface to confirm
the rapid photochemical capability. To conduct the photochemical redox ex-
periment of Ag nanoparticles, Ag deposition has been carried out by e-beam
evaporation. Due to the tapered, pillar structure with periodic indentations,
a single step top-down metal evaporation results in the formation of metal
nanoparticles along the sidewall of the nanoscrew, as in Fig. 3.3.

The top-down deposited Ag thickness controls the size of the individual

nanoparticles on the sidewall. The gaps between nanoparticles are controlled
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by the periodicity of the scallops on the nanoscrew sidewall. The different
schemes and corresponding characteristics for nanoparticle formation by sim-
ple, single-step ebeam evaporation will be illustrated in depth in Chapter 4.

The diffuse reflectance data for the nanoscrew alongside with that of the
case after 200 nm Ag deposition are illustrated (Fig. 3.4). The slight dip
around 500 nm for the Ag coated nanoscrew is assumed to be due to the
localized surface plasmonic resonance mode that is excited due to closely
packed Si nanoparticles. Such optical reflectance data will serve as means
to characterize the apparent surface color change with the occurrence of
transformational Ag nanoparticle redox reactions.

When the same conditions as the control experiment are applied, the pro-
posed nanoscrew Si device decreases the required reaction time to less than
5 minutes. More interestingly, it enables a new reaction that leads to rapid
transformational growth of prism-shaped Ag nanoparticles on n-type nanos-
tructured Si surface as shown in Fig. 3.5.

Water is dropped on the nanostructured Si surface that has vertically
packed Ag nanoparticles. The only condition for the rapid nanoparticle trans-
formation is that heat of 60 °C is applied to the substrate under room light
illumination. Upon the evaporation of the water droplet, the color of the
nanostructured Si substrate surface changes, as seen in Fig. 3.6. A control
experiment that has eliminated water, heat, and light has been conducted as
in Fig. 3.5 and 3.6. The results indicate that water and heat are required
for the drastic color change of the surface. Light has not been as strong a
factor in terms of the apparent color change of the surface (Fig. 3.6). How-
ever, SEM examination in Fig. 3.5 reveals that light does play a critical role
in the shape of the nanostructures. Water and heat enable the merging of
local Ag nanoparticles in proximity with each other by rapid oxidation and
weak reduction. Transformational Ag prism growth is only observed when
room lighting illuminates the sample, indicating light is required for rapid
reduction of metal ions.

Another factor of interest that affects such prism growth is the doping type
of the nanoscre Si. The same Ag nanoparticle transformation experiment has
been conducted on p-type nanoscrew Si, as seen in Fig. 3.7. Unlike n-type,
the results suggest dispersed reduction of Ag ions. Hence, the transformed
Ag nanoparticles are developed along the sidewall of the p-type Si nanoscrew

instead of the very tip focused, prism shape for the n-type substrate case.
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This difference between the two differently doped substrates will be discussed
in Section 3.3 of this chapter.

The sidewall SEM images with in-situ XPS data in Fig. 3.8 confirm that
there is no change in the material composition between the different condi-
tions tested. The original substrate contains the same Ag compound compo-
sition at the tips of the Si nanostructure as with the transformed nanoprism
case. It is confirmed that the prism is not a type of salt, but rather Ag
nanoprisms that have been grown.

It is essential to describe the unique properties of the special silicon sub-
strate at hand to understand the mechanism of the prism growth. Two key
attributes of this device we have called a nanoscrew are the structurally re-
peated side hinges and the very sharp tips [41]. The repeated side hinges en-
able the device to form vertically close-packed metal nanoparticles with just
a single metal evaporation step. The evaporated metal forms a discontinuous
film along the nanoscrew sidewall surface. A proper thickness of metal depo-
sition results in a substrate with vertically packed metal nanoparticles. But
more importantly, such structure provides increased light scattering cross
section, as discussed in Chapter 1. The strong antireflection property of the
silicon nanoscrews exhibits lower than 2% diffuse reflectance for the visible
wavelengths [41]. This enables the silicon nanoscrew structures to efficiently
absorb light and create a high population of excitons in comparison to a

planer Si device.

3.4 Analysis of photochemical reaction mechanism

The attributes of the nanoscrew provide insight into the mechanism behind
the rapid photochemical reaction we observed. The increased surface area
of the individual nanoparticles will allow the efficient release of Ag ions by
thermal oxidation. Then the ions will undergo reduction in proximity of
the originated nanoparticle. This will promote the change in shape of the
individual nanoparticles as well as the merging of those close enough to each
other. For the case room light is also applied to the substrate, which causes
the Ag prism growth, there is a subtle difference in the oxidation step. It
has been discussed of catalytic oxidation reactions by Ag nanostructures

[64]. Hence oxidation processes may be accelerated with light illumination,
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promoting stronger release of Ag ions. The reduction of the Ag ions back
to Ag deposits on silicon surface is also strongly affected by the substrate.
Due to the high photon absorption by the Si nanoscrew substrate, a high
population of electron hole pairs is provided to the semiconductor-electrolyte
interface. This in turn creates preferred redox sites along specific regions of
the Si nanoscrew surface. For the case of the n-type Si nanoscrew substrate
we have used, it would be later found that the tip region of the nanoscrew
is the preferred redox site, hence where the strong amount of prism growth
occurs.

To provide a deeper insight into the reduction mechanism of the Ag prism
growth, we model the Si nanoscrew structure in contact with the electrolyte
as a photochemical diode. The concept is to model a semiconductor-electrolyte
electrical contact as Schottky barrier [65, 66, 67, 68]. Applying this model in
our system of interest describes the exciton movement at the Si-electrolyte
interface, as in Fig. 3.9. The key factor of consideration for this model
is that the physical dimension of the Si nanoscrew in the lateral plane de-
creases towards the tip. This will force the energy band of the nanoscrew
tip to form relatively thin Schottky barriers in comparison to that of the
physically thicker base region.

With the energy band diagram of our model, we can now explain the
high-level electron injection into the Si nanoscrew tip for the n-type Si case.
Diffusion and drift, the two main charged carrier transport mechanisms, play
different roles in the functionality of this system. Optical illumination on the
n-type Si nanoscrew generates a high population of excitons. In a volumet-
ric sense and from analysis of optical absorption for various Si nanoscrew
heights [41], more excitons are generated towards the wider and larger base
of the nanostructure in comparison with the thinner and sharper tip. Hence
diffusion of majority carriers would favor the direction towards the tip of
the nanostructure. In another competing transport process, the excitons will
follow the drift current direction along the bending of the energy band dia-
gram. However, such band bending in the proposed silicon nanostructures
only occurs strongly in the direction away from the semiconductor-electrolyte
interface. When we define the normal vector of the interface as the horizon-
tal plane, drift will not have strong effect in the vertical direction. Hence,
the majority carrier diffusion will dominate the carrier transport vertically

from the base of the silicon nanoscrew toward the tip direction. In the hori-
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zontal view, electrons are trapped within the center of the Si nanoscrew due
to electrolyte-Si Schottky barrier induced carrier drift. With diffusion con-
tributing to the carrier transport in the vertical direction, drift is responsible
for that in the lateral direction. This causes electrons to transport away from
the semiconductor-electrolyte interface while holes are to inject into the elec-
trolyte. It is only towards the tip region in which photoelectrons in silicon
may be close enough to the interface with the electrolyte and participate in
reduction reactions by tunneling.

Similar explanation may be applied for the p-type Si nanoscrew in Fig.
3.9. In this case, the electrolyte-Si Schottky barrier causes photoelectrons
to be injected into the electrolyte rather than being focused towards the
center. Hence the Ag ion reduction will occur along the entire sidewalls of
the Si nanoscrew in a rather non-focused fashion. This is in alignment with
experimental results for Ag reformation by p-type nanoscrew experiments
(Fig. 3.7), where we are not able to find such profound Ag prism growth.

To confirm the above physical model of reduction on n-type and p-type
Si nanoscrew, experimentation on Au reduction from gold chloride solution
(AuCls, 99.99% from metal basis, diluted to 0.05 g Au in 1 L) is demon-
strated. SEM images in Fig. 3.10 show the difference between the Au re-
ductions from the two different types of Si. It is shown that the n-type Si
nanoscrew has focused Au growth towards the tip of the device whereas the
p-type case has dispersed growth along the sidewalls that have been exposed
to the electrolyte. The comparison shown here for Au reduction as well as Ag
prism growth confirms the proposed photochemical model. With the n-type
Si nanoscrew, additional experiments on Au growth have been conducted.
Three different dilutions, which are 0.05 g, 0.25 g, and 0.5 g of Auin 1 L,
have been applied. The results in Fig. 3.10 demonstrate a simple approach
in making nanoscale Au particles. By simple controlling the concentration

of the applied electrolyte, we may grow different sized metal nanoparticles.

3.5  Conclusion

In conclusion, we have demonstrated a rapid photochemical reaction plat-
form based on semiconductor nanostructures. By the utilization of a highly

optical energy absorbent semiconductor substrate with subwavelength nanos-
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tructures, we have been able to directly inject the excited charge carriers into
ionic solutions for reduction of noble metals. Such reactions would have di-
rect applications toward nanomaterial fabrication and photocatalytic chem-
istry. This would provide a uniform and localized growth method of metallic
nanoparticles by simply applying a controlled concentration of ionic solu-
tion under room light illumination. Such highly reactive surfaces may also
be applied to other fields of study such as enhancing photocatalytic water
splitting and solar fuel. We anticipate that the platform will also applied to

many other fields of study in chemical reactions.

3.6 Figures
[ metal
[ substrate

500 °C,
1 minutes

Figure 3.1: Ag nanoparticles are fabricated on planar Si by thermal
dewetting.
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Figure 3.2: Overview of the ionization-reduction reaction sequence of Ag
nanoparticle transformation with demonstration on planar Si surface as
control experiment in comparison to Si nanoscrew.

50 nm Ag deposition 200 nm Ag deposition

Figure 3.3: SEM images of Ag deposition on nanoscrew for 50 nm (left) and
200 nm (right) are illustrated.
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Figure 3.4: The diffuse reflectance for nanoscrew and 200 nm Ag coated
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Figure 3.5: Schematic with the corresponding SEM images of proposed
device. Experiments to confirm the effect of light on the redox rate have
been conducted. Heat has been applied for enhanced oxidation of Ag
particles to increase the release of Ag ions. Comparison between the dark
room with ambient light condition confirms the photocatalytic effect on the
redox reaction of the proposed device. All reactions have been completed
within 5 minutes
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Figure 3.6: Macroscopic images showing the color changing effect of
nanoparticle reformation in comparison to smooth Ag film on planar Si
(left). Diffuse reflectance data of different Ag nanoparticle conditions.
Original refers to the 200 nm Ag deposited Si nanoscrew. No Light refers to
original after Ag transformation under water, 60 °C in dark room condition
for 5 minutes. Light refers to original after Ag transformation under water,
60 °C in bright room condition for 5 minutes.

Figure 3.7: Ag transformation experiments on p-type Si nanoscrew. (a)
SEM shows the initial state of p-type Si nanoscrew with 200 nm Ag
deposition. (b) SEM showing Ag transformation on p-type Si nanoscrew for
water, 60 °C in bright room condition for 5 minutes.

o1



J

e
1. im,
RO

15000 15000

12500 o 12500
= 10000 = 10000
g 7500 g 7500

5000 | 5000
&] &)

2500 2500

o o
355 360 365 370 375 355 360 365 370 375 355 360 365 370 375

Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure 3.8: Verification of material composition by X-ray photoelectron
spectroscopy. (a) SEM image of 30° tilted view and XPS data for original
sample. (b) SEM image of 30° tilted view and XPS data for sample
subjected to water, 60 °C in dark room condition for 5 minutes. (¢) SEM
image of 30° tilted view and XPS data for sample subjected to water, 60 °C
in room light illumination for 5 minutes.
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Electrolyte

Figure 3.9: Mechanism for metal reduction on Si nanoscrew surface.
Common experimental condition used for Au reduction was room light
illumination, room temperature with reaction time of approximately 1
minute. (a) Energy band diagram showing movement of charged carriers for
n type Si. (b) Energy band diagram showing movement of charged carriers
for p type Si. (¢) SEM image of Au nanoparticle on n-type Si nanoscrew by
rapid reduction of 0.05 g/L AuCl; solution confirming confined reduction at
tip. (d) SEM image of Au nanoparticle on n-type Si nanoscrew by rapid
reduction of 0.05 g/L AuCls solution confirming dispersed reduction along
nanoscrew sidewall.
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Figure 3.10: Demonstration of Au reduction in relation to concentration of
applied AuCl; droplet on Si nanoscrew is shown. Common experimental
condition used was room light illumination, room temperature with reaction
time of approximately 1 minute. (a) Reduction of 0.05 g/L of AuClz on
n-type Si nanoscrew. (b) Reduction of 0.25 g/L of AuCls on n-type Si
nanoscrew. (c¢) Reduction of 0.5 g/L of AuCl; on n-type Si nanoscrew.
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CHAPTER 4

3D LOCALIZED SURFACE PLASMON
RESONANCE (LSPR) SUBSTRATE FOR
OPTICAL BIOSENSING

In biosensing, the development of microfluidics, nanotechnology, and optics
has enabled further understanding on the fundamentals of biosensors. The
continued efforts to develop high throughput, high sensitivity, real time, and
cost effective lab-on-chip systems is desired for rapid biosensing capabili-
ties. This enables the detection of multiple biomolecules in a relatively short
amount of time. Early diagnosis of diseases as well as the discovery of ef-
fective drugs may be achieved with such improvements. In particular, the
utilization of localized surface plasmon resonance has enhanced highly sensi-
tive detection methods such as fluorescence detection and surface enhanced
Raman scattering (SERS). However, precise control of the localized surface
plasmon resonance (LSPR) structures discussed in Chapter 1 has thus far
been limited to planer surfaces [4]. This section will discuss the unique prop-
erty of the proposed nanoscrew Si substrate and the demonstration towards
a robust 3D LSPR substrate for fluorescence enhancement and SERS. Sec-
tion 4.1 will introduce the concept of 3D nanostructures on the nanoscrew
Si surface. Fluorescence enhancement measurements and SERS are demon-
strated. Section 4.2 extends the concept into silicon nitride to replace Si as
the substrate material. The chapter will close with ending remarks in Section
4.3.

4.1 Concept of 3D metallic nanostructures on
nanoscrew Si

In comparison to 2D placement of nanoparticles, schemes to three-dimensionally
pack metal nanoparticles would provide increased localized surface plasmonic
resonance enhancement hot spots per planar area. While there still exists the

issue of aligning the excitation light polarization with the plasmonic modes
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for enhanced coupling, this approach would provide the basis for an enhanced
LSPR platform. Previous schemes of fabricated 3D cavity nanoantenna for
plasmonic applications have been based on rather random sidewall attach-
ment of metal [69]. Herein we demonstrate a scheme for controlled sidewall
deposition for 3D LSPR substrate.

4.1.1 Fabrication of 3D metallic nanostructures on nanoscrew

Si

Sputtering and evaporation are the most common approaches for metalliza-
tion in semiconductor devices. The impact energy from accelerating ions in
sputtering gives the depositing metal more energy to redistribute, hence more
sidewall profile coverage. On the other hand, thermal and ebeam evaporation
is highly directional. There is very low deposition on the sidewall features,
making evaporation preferable for planar electrical contact applications.

The proposed 3D LSPR structure utilizes this low sidewall coverage at-
tribute of metal evaporation. While straight sidewalls would result in discrete
deposition between different planar layers, tapered nanostructures would lead
to continuous film deposition on sidewalls as well. If the tapered structure
would have periodical grooves, the metal film deposited on the sidewalls will
be discretized, forming isolated nanoparticles.

We have tested this concept of 3D metal nanoparticle formation on the
nanopore and nanoscrew Si devices that were proposed in Chapter 2. The
results in Fig. 4.1 show nanoparticle formation for nanopore and nanoscrew
devices with same metal deposition thickness. The comparison shows pref-
erence of nanoscrew over nanopore. Note that the deposition thickness used
throughout the paper would refer to that of planar deposition. Hence depo-
sition of 50 nm Ag would mean that the evaporation step of interest would
result in 50 nm thin films on planar structures, whereas the nanoparticles
would have different thickness due to surface area condition change. Un-
less stated otherwise, device fabrication and characterization have been con-
ducted within the cleanroom of the Micro and Nanotechnology Laboratory
in the University of Illinois at Urbana-Champaign.

The side hinge structures of the nanoscrews provide local deposition sites

for metals, enabling three-dimensional close-packed metallic nanoparticles.
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The straight directionality of evaporation reduces sidewall coverage creating
discrete nanoparticles. The interparticle distance, hence the LSPR hot spot
gap, can be controlled by the nanoscrew groove periodicity and metal depo-
sition thickness as seen in Fig. 4.1. The backbone nanostructure groove size,
the tampered angle in relation to the original planer surface of the substrate
and Ag deposition thickness determines the individual nanoparticle size and

shape.

4.1.2 Surface enhanced Raman scattering and metal
enhanced fluorescence on Si based 3D LSPR substrate

The 200 nm Ag deposited nanoscrew Si substrate has been examined for
SERS measurement. The substrate SEM and data are shown in Fig. 4.2. The
Renishawn Raman/PL Micro-spectroscopy System from the Micro and Nan-
otechnology Laboratory at the University of Illinois at Urbana-Champaign
has been used for the Raman measurement. Rhodamine 6G is selected as
the testing molecule of interest. Due to availability, 633 nm and 785 nm have
been tested as the Raman excitation laser source. In comparison, the 633 nm
laser resulted in higher Raman signal. This would result from the relative
superior overlap of LSPR modes of the substrate with the 633 nm laser rather
than 785 nm. With the laser excitation condition fixed, SERS signals were
collected from 4 different concentrations. The detection suggested clear cor-
relation between the signal intensity with the molecular concentration of the
target molecule. The enhancement factor of 4.14 x 103 has been calculated
in comparison with using planar Si as the reference surface.

Measurement for fluorescence enhancement on the proposed LSPR metal-
lic sample has been taken with the Olympus BX51 Upright Fluorescence
Microscope. For this demonstration, the device has been patterned by pho-
tolithography to integrate the nanoscrews with plain Si. Ag deposition of 90
nm has been used. The fluorophore of interest is Rhodamine 6G, of 1 uM
concentration. Solution has been dropped on the borderline of Ag coated
nanoscrews and planer Si substrate as in Fig. 4.3 for clear comparison.
TRITC mode has been utilized for filtering out the excitation light. It has
been examined that fluorescence enhancement is only seen in the nanoscrew

region. Outside of that, only coffee ring stain induced local droplet concen-
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tration spots on the Ag coat planer Si exhibit strong enough fluorescence
to be detected. With background subtraction, metal enhanced fluorescence

(MEF) factor of approximately 20 has been achieved.

4.1.3 Rotational deposition of metal on nanostructures

While top down e-beam deposition has been used thus far, additional schemes
would be beneficial to tune the metal nanoparticle morphology in favor of
excitation light. The current configuration causes the bottom nanoparticles
to be partially blocked by nanoparticles formed at the tip of the device.
This caused reduction in both the excitation light and back-scattered optical
signals. Another challenge is the unfavorable vertical alignment of the metal
nanoparticle gaps. The gap in the vertical direction is too sparse as show in
Fig. 4.4 (a). Deposition thickness in the range of 200 nm is required to reduce
such gaps. This thick deposition will lead to increase in size of individual
nanoparticles, causing the LSPR condition to shift away from the excitation
laser of interest. The vertical direction is also limiting the coupling between
nanoparticles. The electric field polarization needs to be in alignment with
the physical arrangement the nanoparticles are in, as explained in Chapter 1.
Hence the current metal nanoparticle arrangement limits efficient coupling.

To overcome such challenges, a two-step solution is proposed. Slanted
metal nanoparticles, as seen in Fig. 4.5, are prepared on the nanoscrew Si
substrate. The substrate is then characterized by a laser setup that may pro-
vide tilted angle illumination. This enables such 3D metal nanoparticles to
have increased exposed areas to excitation laser and for scattered optical sig-
nal extraction. It would also provide increased matching between excitation
light polarization and nanoparticle arrangement.

The slanted metal nanoparticles may be prepared by rotational metal evap-
oration. The rotational metal deposition has been done with the Temescal
E-Beam Evaporation Systems in the Micro/Nanofabrication Facility of the
Frederick Seitz Materials Research Laboratory, University of Illinois at Urbana-
Champaign. It has been experimentally shown that due to the angled groove
along the sidewall, the nanoscrew substrate would result in a localized glanc-
ing angle deposition (GLAD) [70] with simply rotating the substrate during
deposition. The SEM images in Fig. 4.4 compare the resulting 3D metal
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nanoparticles with and without substrate rotation. It is seen that rotational
metal evaporation causes the deposited metal nanoparticles to form different
configuration in comparison to top-down evaporation.

The mechanism behind slanted metal nanoparticle formation is shown in
Fig. 4.5. The rotational deposition causes the effective deposition surface
area to widen. While this would enable the top of the nanoscrew feature to
form metal nanoparticle shaped as a quarter sphere, the side lobes will have
limited effective area due to blocking from the Si nanoscrew itself. Hence the
metal deposited on the side lobes would result in fan-shaped nanoparticles,
decreasing the minimum gap between each nanoparticle.

The rotational metal deposition is not limited to Ag. The SEM images in
Fig. 4.6 show similar results achieved for both Au and even TiO,. As long as
the system provides substrate rotation, such results have been obtained. The
device results from TiOy on Si nanoscrew will be utilized for photocatalytic
experiments in Chapter 5.

The proposed device of slanted 3D metal nanoparticle will be characterized

with tilted angle excitation laser setup in the future.

4.2  Extension towards silicon nitride substrate

Si nanostructures have been used for the substrate material for LSPR, sub-
strate due to the ease of fabrication. Structures relying on random metal
deposition along sidewalls of nanostructures have been previously demon-
strated [69, 71] for such Si substrate based devices. However, several char-
acteristics of Si suggest that the use of an alternative material would be
beneficial. Herein we demonstrate the need for and capabilities of silicon

nitride substrate as a substitution material.

4.2.1 Motivations for silicon nitride nanostructure based
LSPR substrate

The Si nanostructures shown throughout this paper have two potential hin-
drances as a substrate for LSPR devices. First, the sharp tip Si nanostructure
is a semiconductor with thinned Schottky barrier as in Fig. 4.7. Plasmon

resonance is based on the oscillation of electrons, which would indicate the
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strong boundary condition dependence. With Fermi level pinning between
the metal and semiconductor, such thinning of electric barrier would increase
the possibility of change in plasmon resonance conditions. Such interaction
may cause increased damping of the electron cloud oscillation.

The second difficulty with Si nanostructure is the strong absorption ca-
pability. It has been experimentally determined that Si nanostructures pro-
posed in this paper have less than 2% diffuse reflection across the visible
wavelengths [41]. This would cause incoming excitation light to be partially
absorbed as well as the target optical signal itself. The substrate material
may capture both the Raman scattered light and fluorescence emission, de-
creasing the optical output of the sensor. This reduced optical signal effect
is illustrated in Fig. 4.8.

In comparison, SiN is a dielectric material, which would not have electrical
interactions with the metal LSPR layer. It also does not show such high opti-
cal absorption as with the case of Si. Less of the output optical signals would
be absorbed by the substrate, as shown in Fig. 4.8. Hence SiN nanostructure
substrate would provide the platform for 3D metal nanoparticle device with
reduced electron cloud damping and optical absorption that are present in
Si.

Simulation results for normalized scattering electric field are shown in
Fig. 4.9 for both Si nanostructure and SiN nanostructure substrate. Sil-
ver nanoparticles are placed on pillar structures with a main large sphere on
the tip with ellipsoidal particles along the sidewall and bottom. It is shown
that a stronger enhancement of electric field is present for the case of SiN
based structures. This comes in alignment of the motivation for replacing Si

with SiN as the substrate material.

4.2.2 Demonstration of SERS on silicon nitride nanostructure
based LSPR substrate

Comparison of Si and SiN nanostructure based 3D LSPR device has been ex-
perimentally demonstrated. The SiN nanostructure has been fabricated by
SiN deposition on Si wafer followed by using Ag thermal dewetting approach
as an etching mask against inductively coupled plasma reactive ion etching

(ICP-RIE). Si wafer has been cleaned with a two trial repeated sequence of

60



5:1 HySO,4/H204 piranha etch followed by 10:1 hydrofluoric (HF) to remove
possible residues on the substrate. The STS plasma enhanced chemical vapor
deposition (PECVD) system has been used to deposited 300 nm of silicon
nitride. Mixed frequency has been utilized to eliminate any possible effect
from surface tension from the silicon nitride layer. The CHA electron beam
metal evaporation system has been utilized to deposit 10 nm of Ag on the
SiN deposited substrate. The silver deposited substrate is then loaded into
the Jipelec Rapid Thermal Processer. With rapid thermal annealing, the de-
posited Ag thin film form isolated random metal nanoparticles of 10 to 100
nm length scale. This process of thermal dewetting [24] condition depends
on the surface tension between the two materials. Further experimentation
comparing different surface tensions of silicon nitride as the thermal dewet-
ting substrate material will follow in the future. Additional alternation of
the Ag metal mask may be done by using O, plasma etch [72]. The SiN
based nanostructures are then made by deep reactive ion etching (DRIE) in
STS Advanced Silicon Etcher by the Bosch process, similar to the process
of fabrication for nanoscrew Si [41]. Due to the difference in etch rates be-
tween SiN and Si, the etching conditions have been changed. The resulting
nanostructure does not have as distinctive alternating grooves as the case for
nanoscrew Si. Rather, the SiN nanostructure resembles a conical pillar.

The Si based nanostructure has been obtained from previously reported
work [71] due to the similar conical shape of the SiN nanostructure. The SEM
images in Fig. 4.10 show both devices of interest. The same 80 nm Ag depo-
sition thickness have been used. Despite material difference, the two random
nanostructured LSPR devices show similar metal nanoparticle morphology.
Specular reflectance data from both surfaces have been taken with the Wool-
lam Variable Angle Spectroscopic Ellipsometer in the Laser and Spectroscopy
Facility within the Frederick Seitz Materials Research Laboratory, Univer-
sity of Illinois at Urbana-Champaign. Incident angle of 15 degrees has been
tested, with the visible spectrum as the wavelength range of interest. The
reflectance data from Fig. 4.11 shows that at 633 nm, the Ag coated Si
nanostructure shows 7.4% specular reflectance whereas the Ag coated SiN
nanostructure has 17.1%. The enhanced specular reflectance indicates the
relative increase in optical signal output of SiN over Si device.

The SERS signals between the two different devices are shown in Fig. 4.12.
The SERS data have been acquired by the Horiba Confocal Raman Imag-
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ing Microscope in the Microscopy Suite of the Imaging Technology Group,
Beckman Institute, University of Illinois at Urbana-Champaign. Excitation
laser of 633 nm has been used, with proper attenuation of laser input power
to avoid saturation of the Raman signal. Integration time of 10 seconds has
been used. As for the sensing target, 10 uM of R6G has been used. The re-
sulting signals indicate a significant enhancement of SERS signal of the SiN
nanostructure LSPR device in comparison to that of the Si based system.
Further experimentation for thickness optimization has been conducted as
seen in Fig. 4.13. Silver deposition of 60, 70, 80, and 100 nm thickness by
top-down metal evaporation has been conducted. It is shown that deposition
up to 80 nm remains particle-like, whereas 100 nm deposition results in rather
a continuous film of Ag on the SiN nanostructure. SERS signal shown in Fig.
4.14 has been demonstrated with the identical setting as mentioned above
except for laser attenuation for better comparison. It is shown that the case
of 80 nm Ag deposition, which results in enlarged metal nanoparticle prior

to forming a continuous film, would be preferred.

4.3  Conclusion

The concept of 3D packed metal nanoparticle LSRP device with utilization
of alternating grooved nanostructure backbone substrate has been demon-
strated. While this concept itself provides the platform for enhanced optical
sensing, we have shown the capability of rotational metal evaporation for
the formation of slanted metal nanoparticle in efforts to enhance the cou-
pling of incident excitation light with the plasmonic modes of the device. As
another possible direction for enhanced excitation and extraction of optical
signals, we have shown SiN as the substation material for Si nanostructures
due to enhanced boundary condition and higher optical reflection. Future
schemes utilizing a back reflection such as Al metal film between the SiN
nanostructure layer and the Si wafer would be experimented for further light
extraction. Transfer of SiN based LSPR device to transparent substrate such
as quartz may benefit fields such as cell imaging due to the enablement of

transmission microscopy.
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4.4  Figures
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Figure 4.1: Metal deposition on nanopore and nanoscrew Si surface with
cross sectional SEM images shown. The comparison between equal amounts
of metal deposition thickness reveals that the nanoscrew case is preferred
over nanopore for metal nanoparticle formation on the side lobe of the Si
nanostructure.
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Figure 4.2: Nanoscrew with Ag 200 nm deposition tested for SERS. SEM
images show the cross sectional view (left) with the Raman spectrum
(right). Rhodamine 6G has been used as the sensing target. The excitation
condition is 633 nm laser with 2.5 mW power setting, 20 seconds of
exposure. In comparison to data obtained from planar Si, the enhancement

factor is 4.14 X 10°
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Figure 4.3: Bright field image of Ag deposited nanoscrew integrated with
planer Si after 1 uM Rhodamine 6G dispersed at borderline (left) with
corresponding TRITC image (top right). Pixel count of fluorescence image
within the dotted line confirms the higher enhancement within the
nanoscrew region (bottom right).
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Figure 4.4: (a) SEM images of 120 nm Ag deposited on nanoscrew Si by
top down approach. The ebeam system did not supply substrate rotation
during the evaporation process. (b) SEM images of 120 nm Ag deposited
on nanoscrew Si by rotational approach. The substrate is rotated in the
process of metal evaporation.
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Figure 4.5: Schematic with corresponding cross sectional SEM images
showing the difference between non-rotational and rotational ebeam
deposition in nanoscale sidewall deposition. The slanted nature of the
proposed nanoscrew surface causes localized glancing angle deposition [70],
leading to slanted effective deposition surface. This causes the rotational
deposition to force fan-like metal nanostructures to form on the sidewalls of
the nanoscrew Si.
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Figure 4.6: Cross sectional SEM images showing the rotational metal
deposition with Au and TiO,. The target planar thickness of each material
were 200 nm for Au and 100 nm for TiOs.

Ag N-type Si

Figure 4.7: Energy band diagram for SERS of Ag on Si case. Having a
doped Si surface as the substrate material for SERS is not favorable due to
possible interaction between the electrons in the metal nanoparticle with
that in the Si. This would only be of interest with nanoscale Si tips due to
the thinning of the Schottky barrier in such condition.
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Figure 4.8: Schematic displaying the light absorption disadvantage of
nanostructured Si as SERS substrate material. Due to the low reflectance
of such Si based nanostructure surface [41], a significant amount of signal is
trapped within the structure. This causes the overall extracted scattering
signal to decrease. The SiN based system does not exhibit such high optical
absorption, hence would be able to enhance the Raman signal. This
analogy would be applicable toward fluorescence signals as well.
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Figure 4.9: Simulation result of normalized scattering electric field
enhancement. The physical dimension scales on the x and y axis are in
units of 100 nm. The simulated surface are constructed with a main
backbone pillar made of either Si or SiN that is covered by spherical and
ellipsoidal Ag nanostructures. The results indicate higher electric field
enhancement for the case of SiN based nanostructure.
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Figure 4.10: SEM images showing cross sectional and 60 degree tilted views

of Si and SiN based LSPR substrates. Both samples are deposited by 80
nm of Ag.
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Figure 4.11: Specular reflectance data for 15 degree incident angle of both
Si and SiN nanocone structures with 80 nm of Ag deposition. The term
nanocone describes the smooth sidewall shape the SiN based surface has
formed. The Si based devices used are identical to those reported in [71].
The results indicate that at 633 nm, SiN based nanocone shows 17.1%
whereas Si based nanocone has 7.4% reflectance. The increased reflection
suggests ease of extracting scattered signals from the substrate.
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Figure 4.12: SERS signal comparison between Si and SiN based LSPR
substrate. Total of 80 nm Ag has been deposited on both surface. For
SERS comparison, 10 uM of R6G has been used with 633 nm as the
excitation laser, 10 seconds of integration time.

Figure 4.13: SEM images showing 60 degree tilted views of SiN based
LSPR substrates with varied Ag deposition thickness. For thickness
approaching 100 nm, the deposited Ag layer tend to form a continuous film
rather than discrete particles.
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Figure 4.14: SERS signal comparison of different metal thickness deposited
on SiN based LSPR substrate. For SERS comparison, 10 M of R6G has
been used with 633 nm as the excitation laser, 10 seconds of integration
time.
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CHAPTER 5

FUTURE DIRECTIONS TOWARD WATER
DISINFECTION AND WATER SPLITTING
APPLICATIONS

The similarity between the concepts of photochemical based water disinfec-
tion and photocatalytic water splitting has led to the investigation of utilizing
the proposed nanoscrew Si as the platform for such chemical reactions. The
high optical absorbing nature of the nanoscrew surface described in Chapter
2 with the demonstration of photochemical metallic nanoparticle transfor-
mation in Chapter 3 have shown such possibilities.

This chapter will cover the basis of water disinfection and water split-
ting, with demonstrations by the proposed nanoscrew Si device. Section 5.1
will discuss the mechanism behind semiconductor photocatalytic reaction for
water disinfection with Section 5.2 dedicated to that of water splitting. Sec-
tion 5.3 will demonstrate the water disinfection capability by the proposed
nanoscrew Si based 3D photocatalytic substrate. Future directions with the

proposed nanostructured Si will be discussed in Section 5.4.

5.1 Semiconductor photocatalytic water disinfection

The lack of clean water is becoming a common problem for all countries
around the world. We are facing rising challenges to meet the demands of
clean drinking water in regions ranging from the Middle East, to South Asia,
Northern Africa, and parts of Brazil [73]. Even China, despite efforts at
constructing reservoirs of water sources, has recently faced a series of water
shortages [74].

As of 2011, an estimated 884 million people rely on biologically unsafe
water sources, resulting in increased risk of infection [75]. It has been man-
dated by the UN Millennium Project to halve the population of the globe that
are without access to a clean source of drinking water [76]. While chemical

treatment based on chlorine or hydrogen peroxide provides efficient purifi-
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cation, the operational expertise required to avoid side effects hinders its
adaptation in developing countries [75]. This has led to the development of
a simple disinfection scheme solely based on solar energy. The solar disinfec-
tion (SODIS) concept has become an alternative to chemical based removal
of organic pollutants in water sources for its simple and economical nature.
However, SODIS has various constraints limiting the efficiency such as the
long treatment time of more than 6 hours, requirement of steady sunlight,
and the uncertainty of disinfection [75].

To address these challenges, a promising approach is the utilization of semi-
conductor photochemical reactions. Semiconductors produce electron-hole
pairs when illuminated with light that has energy above the semiconductor
bandgap. These charge carriers may recombine or may migrate to partici-
pate in redox reactions at the semiconductor-water interface. The reactive
oxygen species produced, such as hydroxyl radical, are indiscriminate oxi-
dants [77, 78]. This leads to destroying contaminants and microorganisms in
the water. Companies such as Purifics Environmental Tech Inc. (Canada),
Hyosung Ebara (Korea), and Ishihara Sangyo Kaisha (Japan) have developed
commercial products for photochemical water disinfection [79)].

The basis of SODIS is the damage of cell membrane by oxidation. In
conventional SODIS that uses as much as 8 hours of daylight exposure, the
biocidal mechanisms are due to UVA radiation (315 nm to 400 nm) and
thermal inactivation [75]. The direct UVA radiation in sunlight leads to cell
membrane damage and blocks the growth of pathogens [80]. In addition to
direct effects, UVA radiation produces reactive oxygen species by dissolving
oxygen in water [81] which would also lead to biocidal activities. Thermal
biocidal activities, typically induced by water absorbing the visible red and
IR portion of light, have been observed to become comparable to the contri-
bution from that of by UVA above 45 °C [75].

While conventional SODIS utilizes UVA and thermal based disinfection,
semiconductor photocatalytic approaches follow two distinct paths of cell
membrane disintegration as shown in Fig. 5.1. Pathogens may come in direct
contact with the semiconductor surface. This will cause oxidization of the cell
membrane possibly by charged carrier injection across the semiconductor-cell
interface, but more likely by hydroxyl radicals formed on the semiconductor.
For the case not in direct contact but rather in proximity of the photocatalytic

substrate, hydroxyl radicals generated from water by the semiconductor will
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diffuse towards the pathogens. This will also lead to the disintegration of the
cell membrane [77]. The specific illustration for titanium oxide based water
disinfection is shown in Fig. 5.2.

The biocidal process of a cell is shown in Fig. 5.3. The direct contact
between the semiconductor surface and the cell membrane leads to increased
permeability. This degree of damage is to a recoverable degree. It is the re-
actions with hydroxyl radicals which leads to additional permanent damage
to the cell wall, resulting in leakage of ions and small molecules from the
pathogen. Continued damage results in loss of larger compounds, leading to
the degrading of major cell components. The cell disinfection is completed by
the complete mineralization of the remaining materials [77]. The mechanism
of cell membrane damage is initiated by the attack on fatty acids, which may
react with hydroxyl radicals [78]. The oxidation of fatty acids by the photo-
catalytically generated hydroxyl radical causes the cell membrane to become
porous, leading to the leaking of internal materials mentioned above. In the
outer membrane, lipopolysaccharide (LPS) and phospholipid are made from
fatty acids, and hence would be of particular interest in water disinfection

78).

5.2 Mechanism of semiconductor photocatalytic water
splitting

Sustainable development is not limited to gaining clean sources of water. The
energy sector would contribute substantially by reducing carbon emission
through utilization of sunlight. Concepts such as solar powered cars [82],
zero energy buildings [83], and solar power plants have been consistently
researched. However, the variations in the sunlight available on a daily basis
as well as regional discrepancies requires the efficient storing of solar energy
for practical applications [2]. It has been considered that the Holy Grail
of utilizing solar power is the conversion and storing of energy by means of
water splitting and hydrogen storage. This approach, based solely on water,
will eliminate the requirement of complex chemical based battery systems
for storage.

The mechanism behind water splitting is based on the chemical variation

water molecules go through in strong oxidation/reduction chemistry. When
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proper energy conditions are met, water molecules are split into different
chemical states. The chemical balance for oxygen evolution reactions (OER)
is shown in Eq. 5.1. Hydrogen evolution reactions (HER) are in Eq. 5.2 and
Eq. 5.3 [2].

Injection of holes into electrolyte :

2H,0 + 4h™ — Oy + 4H" (5.1)

Injection of electrons into electrolyte :

2H' + 2e~ — Hy: for low pH (5.2)
2H,0 +2e~ — Hy +20H™: for high pH (5.3)
Overall :
kJ

mole

Note that reactions for the HER are dependent on the pH value of the
solution of interest. The reaction in Eq. 5.2 is for low pH values in which
there are plenty of H ions. For neutral or base pH, the reaction in Eq. 5.3
is dominant.

The energy requirements of semiconductor based photochemical water
splitting are shown in 5.4. This corresponds to 1.23 eV of energy per elec-
tron that is supplied. Hence, the ideal material for solar water splitting would
have a band gap higher than that of the required splitting energy but at the
same time a low enough band gap to be able to convert incoming photons
into excited electron-hole pairs. An additional requirement is to have proper
energy band alignment with that of the HER/OER. As shown in Fig. 5.4, the
HER and OER each have preferred energy band. However, the energy value
specified above does not account for overpotentials that are required to drive
the HER/OER at the semiconductor surfaces. This means additional en-
ergy potential is essential to induce efficient water splitting. The conduction

band of the semiconductor needs to be placed higher than the energy band
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of HER while the valence band of the semiconductor should be sufficiently
lower than the energy band of OER. Common semiconductor materials such
as Si only have proper band alignment with HER, whereas Fe,O3 is matched
for OER. It is worth noting that TiO5 has been the early material choice due
to the overlapping with both HER and OER energy bands as well as ease of
fabrication.

There are other considerations that must be met other than energy band
conditions. The material to be used needs to have chemical stability during
the oxidation and reduction reactions with the electrolyte of interest. The
semiconductors reductive and oxidation potentials must be further away from
the band gap edges than the energy levels of the respective chemical evolution
reactions [2]. The quality and size of the semiconductor crystal also affects
the overall efficiency of the system. As shown in Fig. 5.5, the excited charge
carriers need to reach the semiconductor-electrolyte interface without recom-
bination. This can be achieved by using higher quality of crystalline material
for the semiconductor and also by using nanoparticle semiconductors. With
decreased size, the photon induced electron hole pairs may transport easily
to the surface with reduced loss.

The water splitting process is completed with surface chemical reactions.
The two main factors affecting the surface chemistry efficiency are the density
of active sites and the surface area [84]. The excited charge particles that are
transported to the semiconductor-electrolyte interface may participate in the
chemical reaction only when an active site is available. In absence of such
active redox sites, the electron-hole pairs will recombine with each other.
Catalysts such as Pt are introduced in forms of nanoparticles to increase the
active sites. The high numbers of available energy states in a metal along
with the Schottky barrier mean increase in the minority carrier transport
from the semiconductor into the metal. Hence more excited carriers are
used to participate in redox reaction. Another consequence of this is the
decreased possibility of semiconductor corrosion, due to less minority carrier
charge being stored at the semiconductor surface. The density of active
sites is related to the overpotentional that has been mentioned above. With
improved kinetics of the chemical reaction, the required overpotentional is
decreased, allowing higher efficiency of photon energy induced water splitting.
The use of the semiconductor itself as nanoparticles also benefits in this

aspect due to the increased surface area. Larger exposed surface area of the
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semiconductor enables the absolute number of active sites to increase [2].

While a single material may be used, it is also possible to utilize two
different semiconductors for photocatalytic water splitting, each of which is
matched for HER and OER, respectively. This type of system, named dual
band gap configuration, enables the engineering of the anode and cathode of
the water splitting system separately. This may significantly reduce the band
gap of the semiconductors involved in the water splitting process, leading the
system to utilize a wider range of light illumination.

Utilization of multiple semiconductors is not limited to separate HER/OER
active surface engineering. More than one semiconductor may be used to fab-
ricate a single water splitting electrode. While the outermost layer semicon-
ductor would act as the active layer, the sublayer semiconductor facilitates
the process by injecting the appropriate carrier (electrons for HER, holes
for OER) or removing the opposite carrier from the active semiconductor
[62]. This type of tandem cell uses a wider range of wavelength, increasing
the overall efficiency of the system. An example utilizing Si/TiO, system is
shown in Fig. 5.6, where it is shown that n-Si efficiently eliminates the elec-
trons in TiOs, allowing the holes in the TiO, system to avoid recombination.

This allows increase in the hole injection into the electrolyte of interest.

5.3 3D stacked dual semiconductor photocatalytic
substrate

In extension to the work on 3D stacked metal nanoparticles, we show here
a 3D stacked dual semiconductor nanostructure for the use of water disin-
fection and potentially towards water splitting. The engineering innovation
of this structure, shown in Fig. 5.7 and Fig. 5.8, is applicable for both
water disinfection and water splitting applications. For water disinfection,
the backbone n-Si layer will act to facilitate the extraction of electrons from
the TiOs layer similarly to the work illustrated in Fig. 5.6. However, the
increased surface area by the nanoparticle TiO, stacked in high planar den-
sity with the high optical absorption capability of the Si nanoscrew layer
provides strong photochemical capability in comparison to previous reports.
This will enable the substrate to produce hydroxyl radicals more efficiently.

In applications for water splitting, this approach again benefits from the high
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Table 5.1: Fluorescence Conditions for Promokine Live/Dead Cell Staining
Kit

Excitation Emission
Live Cells 490 nm 520 nm
Dead Cells | 490 nm to 545 nm | 620 nm

surface area, as the active site will be increased. The difference from the wa-
ter disinfection case is that the Si nanoscrew itself will have an active role in
the photochemistry. The HER will be primarily conducted on the exposed
Si region, whereas the OER reaction will occur on the TiO, nanoparticle.

The demonstration of water disinfection is shown with the disintegration
of E. coli. We have used Promokine Live/Dead Cell Staining Kit to provide
green stain to live cells and bright red stain for dead cells. The basis of
staining is the attachment of the green stain on the cell membrane while red
stain is applied on the DNA within the cell. It is only the case when the
membrane is disintegrated and the cell is functionally dead that the red stain
will be seen. The fluorescence conditions for the live cell stain are shown in
Table 5.1.

To image the cells, Olympus BX51 Upright Fluorescence Microscope has
been used. With the data from Table 5.1, FITC mode (excitation 490 nm,
emission 525 nm) is used for live bacteria imaging with TRITC mode (ex-
citation 557 nm, emission 576 nm) for dead bacteria imaging. Even though
the dead cell mode is not in accord with the specifications from the vendor,
the results have shown successful imaging of dead cells.

The disinfection capability of the TiO, deposited Si nanoscrew surface is
compared with that of TiO5 on planar Si. The substrate has been integrated
on a single device using photolithography. With the process described in
Chapter 2 for integration of nanoscrew Si with planar Si, followed by a top
down TiO, ebeam evaporation via a Denton Electron Beam Evaporator sys-
tem, the sample is prepared for comparison testing of water disinfection.

The E. coli bacteria has been prepared in broth with 8 hour incubation in
36 °C to insure high density within the solution. Promokine stain solution
that contains both live and dead cell stains has been prepared accordingly
to the procedures provided. The bacteria disinfection has been tested by
applying a droplet of E. coli containing broth on the surface of interest,

followed by dropping an equivalent volume of the stain solution on top. Cover
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glass has been applied to delay death of bacteria due to drying of solution
during experimentation as well as ease of experimentation.

As control experiments to test for background fluorescence, the staining
dyes have been applied to the surfaces of interest as in Fig. 5.9. It is worth
noting that the live cell stains have slight background fluorescence on top of
the nanoscrew Si surface. In the case of dead cell stain, no such background
has been observed. Hence the effect the substrate itself would have on the
fluorescence has been accounted for.

We have intentionally provided dead bacteria on top of the two surfaces
of interest to test any substrate dependent differences that may arise from
the dead cell stain fluorescence. After dropping the bacteria solution and the
staining kit, we intentionally let the surface dry out. This would cause all
bacteria to be killed regardless of the surface the bacteria are attached to.
The results seen in Fig. 5.10 illustrate how there is no apparent difference
between the two surfaces of interest if all cells are dead. As expected, we are
able to see abundant E. coli that have been disinfected on both surfaces.

Prior to testing the TiO5 on the nanoscrew Si system, the E. coli disinfec-
tion has been tested directly on ntype nanoscrew Si. The absence of TiO,
would result in low efficiency of hydroxyl radical formation, hence weak dis-
infection capabilities. The images in Fig. 5.11 show that we may only see
live bacteria (small rice pattern emitting relatively high emission of green),
but no indications of dead bacteria.

The final experiment using the TiO5 on nanoscrew Si substrate is shown in
Fig. 5.12. We are able to see a significantly higher density of live cells in the
planar Si region in comparison to nanoscrew Si. For dead cells, we are able to
observe strong disinfection capabilities of the TiOs-nanoscrew Si substrate.
Multiple screen shots over time confirm that the majority of dead bacteria
shown to be placed on top of the planar Si side have actually migrated
from the nanoscrew Si region. Hence it is shown that the proposed TiOy on

nanoscrew Si system would be applicable for water disinfection applications.

5.4 Conclusion and future directions

Further quantitative analysis of the water disinfection would be required for

proper characterization of the device. Cell counting as well as the integra-
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tion of the TiOs on nanoscrew Si surface with microfluidics would provide
a quantitative analysis of this device for cost effective water disinfection.
One key experiment is testing the wavelength dependence of the system. As
in Fig. 5.13, the mixture solution of bacteria and staining kit is injected
into the inlet of the microfluidic device. The photochemical active area is
illuminated with the wavelength of interest. Cell imaging to confirm the dis-
infection capability is done on the final microfluidic channel chamber. This
work will be continued and prepared for publication in the near future. For
water splitting, a proper catalyst would be required to facilitate the HER
reaction. An assembly such as nanoscrew Si - Pt TiOs would provide the
proper system. Key considerations that would need to be addressed would
be the enhanced photocurrent as well as the composition of the resulting
gas from the chemical reaction. For proper water splitting, it would be ex-
pected that the Hy to O, ratio would be two to one. The optical absorbing
nanoscrew Si substrate has been tested for direct sunlight absorption, photo-
catalytic material synthesis, and preliminary water disinfection testing. We
expect this system to expand towards hydrogen generation to address the
sustainable growth of our society. The structure of the nanoscrew system
has also been applied towards optical biosensing. The unique properties of
this system provide means of increasing the efficiency of Raman scattering
in comparison to using Si nanostructures as the backbone material for metal
deposition. Future experiments with angled light sources as well as possible
integration with photonic crystals to control the excitation light polarization

are to be conducted.
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5.5 Figures

radical

Semiconductor

Figure 5.1: The two primary mechanisms of photocatalytic water
disinfection by semiconductor. (a) Direct oxidation of pathogen (in this
case bacteria) by the semiconductor surface. (b) Formation of reactive
oxygen species which then disinfects pathogens not in direct contact with
the surface. Image based on [77].
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Figure 5.2: Schematic showing TiO, as the photocatalyst for water
disinfection. The hydroxyl radical absorbed on the semiconductor surface
will oxidize pathogens in direct contact. The excited electrons will react
with oxygen, generating superoxide. This superoxide is then reduced to
hydrogen peroxide, and eventually into water. Intermediate states will form
additional sources for hydroxyl radicals that react with pathogens away
from the surface [79].
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Figure 5.3: Schematic showing the process of cell disinfection. The
hydroxyl radical damages the cell membrane which causes leakage of
cellular material. Upon leaking of larger components within the cell such as
RNA, the cell is fully discomposed [77].
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Figure 5.4: Different semiconductors showing energy band alignment with
respect to that of the HER and OER reactions [84]. While CdS best fits for
both reactions, environmental regulations have led to disregarding this
material for study.
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Figure 5.5: Schematic showing the overview of the photon induced water
splitting process. The absorbed photon induces an electron-hole pair. The
excited carriers may transport to the semiconductor-water interface. Upon
migration to active sites, the carriers will participate in the respective

reactions of water splitting [84].
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Figure 5.6: Energy band diagram showing a dual semiconductor system for

photo-oxidation of water [62].
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Figure 5.8: Cross-sectional view of 100 nm and 120 nm TiO, deposited on
Si nanoscrew.
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Figure 5.9: Control experiments of dropping only the fluorescence tags for
live-dead cell staining assays on TiO, deposited nanoscrew Si and planar Si
to test background fluorescence. Scale bar set at 0.1 mm.
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Figure 5.10: Control experiment showing stained dead cells on different
types of substrate. The cells has been intentionally killed by drying the
applied cell contained droplet.
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Figure 5.11: Experimentation of cell disinfection experiments with Si
nanoscrew. Due to just Si being present, hydroxyl radicals are not being
efficiently formed on the Si surface. Hence water disinfection is not
achieved. Scale bar set at 0.1 mm.
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Figure 5.12: Experimentation of cell disinfection experiments with 3D
stacked dual semiconductor substrate of TiOs deposited on Si nanoscrew.
Disinfection of e coli cells are shown. The dead cells on the planar Si side
have been confirmed from several screen shots over time to be from the
migration of cells due to the flow of solution. Scale bar set at 0.1 mm.
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Figure 5.13: Experimental setup for testing wavelength dependence on
water disinfection. The TiO, substrate is integrated with a microfluidic
channel. Solution mixture of bacteria with the staining kit is inserted into
the device, where a select wavelength is illuminating the active nanoscrew
area. Fluorescence imaging is performed on the chamber after the active
water disinfection area.
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