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ABSTRACT

In this dissertation, we present a variety of the plasmonic nanogaps of metal and metal-oxide
hybrids in which their resonance are ranged from VIS to IR regions for the suitable applica-
tions in molecular sensing, photoelectric and thermal energy conversion materials. In the first
two chapters, we introduce the introductory overview of plasmonics, from fundamental con-
cept to numerical simulations and applications in the field of nanophotonics as well as nano-
materials science. The light confinement in plasmonic nano-hybrids is also briefly indicated
in the last part of Chapter 2. Then, the designs, fabrications and applications of some plas-
monic metal and metal-oxide hybrids are presented in Chapter 3, 4, and 5. A floating plas-
monic nanoantenna array using earth-abundant aluminum is designed for surface-enhanced
Raman scattering (SERS) at 532 nm excitation with a demonstration on the sensing of Nile
blue molecules. Beside the use of plasmonic hybrid in VIS for sensing based on SERS, we
also demonstrate the in situ FTIR sensing of bio-molecules and detection of mercury ions in
water based on SEIRA using multiple nanogaps on the random gold nano-islands and gold-
patchy SiO, core-shell particles, that are synthesized by in situ chemical growth technique. A
part of this work presents the combination of metal-oxide ZnO nanowire and TiO; thin film
for realizing high sensitivity ultra violet photodetector. In addition, by using metallic nano-
particles as plasmonic antenna, where the electric fields are confined in a small volume of
nanometer scale and extremely enhanced at nanometal surfaces, we carried out plasmonic
nanoparticles-ZnO nanowire hybrids for efficient photocatalyst. Finally, we show the design
and fabrication of the metal-insulator-metal infrared plasmonic perfect absorber using alumi-
num with top metallic layer consisting of Al disks or Al holes array. Our developed tech-
niques using colloidal lithography and variety of aluminum plasmonic perfect absorbers can
be useful in wide-range applications such as selective thermal emitters and SEIRA that we

have introduced in this thesis.
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1. INTRODUCTION

1.1. Motivation and objective

Wide variety of nanomaterials have been developed in the past decades ranging from gra-
phene[1], carbon nanotube[2], fullerene derivatives[3], semiconductor quantum dots[4] to
oxide nanowires (NWs)[5], [6] as well as metallic nanoparticles[7]-[10]. Among many appli-
cations of these classes of nanomaterials, the central topics related to nanophotonics are nano-
bio spectroscopy and solar energy conversion. The interaction between electromagnetic field
and the free electrons at metallic interfaces or in sub-wavelength metallic structure leads to an
enhanced electromagnetic near-field in a small volume near metal surfaces, forming a new

branch of photonics so-called plasmonics.
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x-lm ar, y 11 eguy e,

UV-VIS
Plasmon
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—> Photocatalyst
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Figure 1.1. Electromagnetic field confinement in plasmonic nano-hybrids and their appli-

cations. (a) Applications of UV-VIS plasmonic materials. Background presents enhanced
near-field in a UV-VIS plasmonic metal-ZnO nano-hybrid. (b) Applications of NIR-IR
plasmonic materials. Background presnts enhanced near-field in an IR aluminum plas-
monic perfect absorber composed of metal and metal-oxide. Arrows indicate our works
on plasmonic metal/metal-oxide hybrids based: UV-VIS plasmonic hybrids for SERS,

photocatalyst, and IR plasmonic hybrids for selective thermal emitter and SEIRA.



Plasmonics creates a major part of the fascinating field of nanophotonics, which explores
how electromagnetic fields can be confined in a small volume of subwavelength scale[11].
Because of its unique optical properties in which the optical resonance wavelength of plas-
monic structures strongly depends on size, shape and dielectric functions of the metallic ma-
terials as well as surrounding medium, plasmonics covers a wide range application from UV-
VIS to IR regions. For example, figure 1.1 shows near-field enhancement and their suitable
applications of two plasmonic structures which are designed for UV-VIS and IR range. An
UV-VIS plasmonic structure can be designed for application in nano-bio spectroscopy such
as surface plasmon resonance (SPR) sensing[12], [13], surface-enhanced fluorescence
(SEF)[14], surface-enhanced Raman scattering (SERS[15]-[17] or for photoelectric conver-
sion application such as plasmonic solar-cell[18] and plasmonic photocatalysis[19], [20].
While an IR plasmonic structure can be designed for the application in surface-enhanced in-
frared absorption spectroscopy (SEIRA)[21]-[25] or photothermal and selective thermal

emitters devices[26].

This dissertation is aimed to study the effect of light confinements in plasmonic metal and
metal-oxide hybrids that can promote strong light-matter interaction and thus lead to the high
near-field intensity and high optical density in plasmonic hybrid structures. The suitable
plasmonic hybrids for applications in high-sensitivity molecular sensing, efficient photoelec-
tric devices as well as the selective thermal emitters are investigated using electromagnetic
simulation and spectroscopic measurement. This study is also devoted to investigate the
combination of plasmonic nano-structures and metal-oxide semiconductors or dielectrics
where the synergy effects can be gained in photoelectric transfer and thermal energy conver-

sion.



1.2. An overview of the dissertation

The structure in this dissertation is organized as follows:

In Chapter 2, first basic aspects of nanophotonics and plasmonics will be described such as
propagation properties of surface plasmon polaritons on the surfaces of planar metallic thin
films and localized-surface plasmons in the nano-hybrids. Some technical aspects of numeri-
cal simulations to study the interaction of electromagnetic fields to metallic nanostructures as
well as metal-dielectric nano-hybrids are explained. Some examples from the preceding

works in the field of nano-bio sensing and energy conversion are included in this part.

In Chapter 3, we demonstrate the plasmon-enhanced spectroscopic sensing. The SERS and
SEIRA spectroscopic studies were performed and numerically verified. In the SERS study,
suspended bow-tie antenna supported on dielectric pillars were designed to improve the field
enhancement by reducing the dielectric screening from the substrate, and the plasmonic re-
sponses in UV-VIS region were demonstrated by choosing aluminum (Al) as plasmonic metal.
Al is an inexpensive base metal and in our study, it showed that Al performs similar to noble
metals. In the SEIRA study, in situ experiments were used to control the nanogaps between
random gold nano-islands and gold-patchy SiO, core-shell particles to engineer multiple hot-
spots in IR region for enhancing the vibrational absorption of molecules. In the experiment,
the in situ infrared sensing using these structures showed detection limit in the nanomolar
(10°° M) region for bio molecules and sub-nanomolar detection limit for mercury ions in wa-

ter.

In Chapter 4, we present the chemical fabrications and characterizations of ZnO NWs and
TiO; thin films, and demonstrate the composites of n-type ZnO NWs and p-type TiO, form-
ing p-n core-shell heterojunction structures. The nano-hybrid structure exhibited highest pho-

tocurrent ever reported for ultraviolet illumination due to enhanced light scattering and
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charge separations at the ultrathin core shell p-n junctions. To further investigate the synergy
effect of oxide nanowires and plasmonic structures, we studied the coupling between the ZnO
NWs and Ag or Au nanoparticles under electromagnetic field excitation to promote efficient
electronic excitations in the vicinity of the metal-ZnO interfaces. It was found that, the elec-
tric field was extremely enhanced at the ZnO-particle interface, and this concentrated plas-
monic electric field can act as efficient source of plasmonic hot-electrons injecting into the
conduction band of the ZnO catalyst. Photodegradation and photoelectrochemical cell exper-
iments performed on these structures verified the enhancement of the catalytic activity in vis-

ible region which formed a promising basis for the applications in solar energy conversion.

Finally, Chapter 5 presents our development on the plasmonic metamaterial perfect absorbers
(PAs) based on metal-dielectric-metal (MIM) structures with top layer being disks or holes
arrays using Al. Our original fabrication approach combined scalable colloidal lithography
and reactive ion etching, which enabled easy large-area fabrication and offered wide-range
tunability of the absorption wavelengths from VIS to mid-infrared (MIR) regions. The fabri-
cated PAs have narrowband absorption (bandwidth ~ 0.5 - 0.75 um) with efficiency as high
as 98 %. Our demonstration of using Al for MIR PAs indicated that Al can be used as a cost-
effective alternative plasmonic material even for other IR plasmonic devices. As an extension
of this study, we also demonstrated the broadband PAs in visible range and possible applica-
tions include plasmonic photocatalytic activities by adopting a metal oxide semiconductor

film between the top and bottom metallic layers.

Finally, in Chapter 6, we conclude with the brief summary of work presented in the disserta-

tion.



2. PLASMONICS AND NEAR-FIELD ENHANCEMENT IN

PLASMONIC NANO-HYBRIDS

This chapter introduces the fundamental concepts of plasmonics[11] and exemplifies the
near-field enhancement in various plasmonic nanostructures. The first section presents optical
properties of metal, including plasmon and dielectric function of the free electron gas, the ex-
citations of the surface plasmon polaritons (SPPs) at metal-dielectric interfaces and the local-
ized-surface plasmons (LSPs) in metallic nanostrutures. The electromagnetic simulations of
plasmonic nanostructures, including the rigorous coupled-wave analysis (RCWA) and the
finite-difference time-domain (FDTD) methods, are described in this section. In the second
section, we demonstrate optical properties and near-field enhancement of several plasmonic
nano-hybrids[27]-[30], which have been applied for enhancing vibrational spectroscopy and

photocatalysis.

2.1. Plasmonics

2.1.1. Plasma oscillation in metal and dielectric function the free electron gas

Figure 2.1. Plasma oscillation in metal



| begin this chapter by reviewing the optical properties of metals based on plasma model
(Drude model). In this model, valence electrons are assumed to be completely detached from
their ions to form an electron gas. The free electrons gas with the number density n moves
against a fixed background of positive ion cores (Fig. 2.1). In the plasma model, details of the
lattice potential and electron-electron interactions are not taken into account.[11] One can
write a simple equation of motion for an electron for the displacement x of the plasma sea

subjected to an external electric field E polarized along x-axis[11]:
mX +myX = —qE(t) = —qE e (2.1)

where m is effective optical mass of each electron, y is a characteristic collision frequency
known as the coefficient of friction damping force of the medium, q is the element charge

of electron, w is the frequency of electromagnetic field, and E,is amplitude of the driven

electric field. The solution of this equation describes the oscillation of electron:
X(t) = x,e " (2.2)

then Eq. 2.1 can be written:

_ q e
x(t)= T X,€ (2.3)

Therefore, the displaced electrons gas contribute to the polarization P =—ngx, where n is the
number of electron per volume (electron density), is given by:

2
P=-— 1 (2.4)
m(o° +iyw)

The dielectric displacement D can be written by:



2
D:gOE+P:—g{1— -1 JE (2.5)
&M (0 +iyw)

or:
0)2
D= 50(1——P]E (2.6)

2

12
Where o, z(nq J is the plasma frequency of the free electron gas, or quantization of
&M

plasma oscillation energy which is so-called “plasmon”, and ¢, is the permittivity of vacuum.

Thus the dielectric function at different electromagnetic frequencies can be written as the:

2
@

S(a))=1—m (27)

The real and imaginary components of this complex dielectric function s(w)= ¢ (w)+ie,(®)

are given by:
a)Z
gl(a))zl—ﬁ (28a)
WLy
gz(a))zl—m (28b)

It is noted that the collision frequency is inversed to the relaxation time t of the free electron

1 . . . . .
gas (y :;). At high frequencies close tow,, the productwz >>1, the dielectric function is

predominantly real:

&(w)=1-— (2.9)



can be taken as the dielectric function of the undamped free electron gas. As seen from Eq.
2.9, when @ < w,, dielectric function of metals is negative and the metals become reflection
as a metallic property. In a contrast, when @ > @, dielectric function of metals is positive

and the metals become transparent as dielectrics.

It should be noted that the description above has assumed an ideal free-electron metal, now

we consider to expand the model to the real metals like Au, Ag, Al, which are often used in

plasmonics. For these coinage metals, in the region @ > @, (where the response is dominated

by free s electrons), the d band closed to the Fermi surface causes a highly polarized envi-

ronment. It is due to the positive background of the ion cores can be described by adding
P, = &(s, —1)E (where 1< ¢, <10) to the right of Eqg. 2.5, then the dielectric function of

metals can be written as:

2

tlw)=e, ——5—"2— (2.10)
o +iyw
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Figure 2.2. (a) Dielectric functions of Au and Ag[31]. (b) Comparison between Drude
model (&, =6.9, @, =8.9, y=0.07)[32], [33] and experiment data[31] of dielectric

function of Au with interband transitions region.



However, this expanded dielectric function of metals cannot express the interband transitions,
which can be fully described by the extended Lorentz-Drude model. Figures 2.2a plots the
measured dielectric functions of Au and Ag taken from literature [31]. As seen that, both Au
and Ag have the interband transitions (see imaginary parts, dash curves in Fig. 2.2a) at short-

wavelength region (high energy). As a comparison shown in Fig. 2.2b, a plotted Durde modal

for free electrons in Au with ¢, =6.9, o, =8.9, y=0.07 does not express the interband

transition of Au.
2.1.2. Surface plasmon wave
2.1.2.1. Surface plasmon-polariton propagation at metal-dielectric interface

We start from Maxwell’s equation of macroscopic electromagnetism:

V-D=p,, (2.11)

V-B=0 (2.12)

VxE:—@ (2.13)
ot

VxH:Jext+% (2.14)

where D is the dielectric displacement, B is the magnetic induction or magnetic flux density,

E is the electric field, H is the magnetic field, and with the external charge p,, and current
densities J . In isotropy, linear and nonmagnetic media, the constitutive relations can be
written:

D=g¢g,eE (2.15)

B =y, uH (2.16)



where g, and g, are the permittivity and permeability of vacuum, respectively. In the ab-

sence of external charge and current densities, by combining of Eq. 2.13 and Eqg. 2.14 we can

write:

0°D

VXVXE:—ILI()? (217)
or can be simplified as:
. & O°E
\% E—C—2 P =0 (2.18)

We assume in all generality a harmonic time dependence of the electric field

E(r,t)=E(r)e”'*, then the Eq. 2.18 yields the Helmholtz equation:

V’E+kZE=0 (2.19)
where K, =% is the wave vector of the propagating wave in vacuum. Then, we consider to

the propagation geometry of the electromagnetic waves propagating at the interface between
two different materials. We assume for simplicity the propagation is only along x-direction of
a Cartesian coordinate system and there is no spatial variation in the perpendicular, in-plane
y-direction. Thus, this is a one dimensional problem and the dielectric constant ¢ depends
only on one spatial coordinate z, & = g(z). Applying to electromagnetic surface problems, the
plane z = 0 coincides with the interface sustaining the propagating surface waves, which can
described as E(x,y,z)=E(z)e”*. The complex parameter 5=k, is called the propagation

constant of the traveling surface waves and corresponds to the component of the wave vector
in the direction of propagation. Inserting this expression into Eq. 2.19 yields the desired form

of the wave equation:

O°E(z)

— +(kee—BE=0 (2.20)
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For harmonic time dependence (%z—ia)), and for propagation along the x-direction

(% =if), homogeneity in the y-direction (E =0), we can get the following set of coupled

equations:

oE

— = —iwu,H 2.21a
82 a):uO X ( )

8 =lou,H (2.21Db)

IfE, =iwu,H (2.21c)

oH

— = iwe,eE 2.21d
82 a’go X ( )

oH,, —lweyeE, (2.21¢)
i =—lwe,eE 2.21f

y 0 z

These six equations allow two sets of self-consistent solutions with different polarization
properties of the propagating waves. The first set are the transverse magnetic (TM) modes,
where only the field components Ey, E, and Hy are nonzero, and the second set is the trans-
verse electric (TE) modes, with only Hy, H; and E, being nonzero.

For TM modes, the system of governing Eq. 2.21 reduces to:

1 H,
E =-i (2.223)
ws s 0L
E,=—2 n, (2.22)
WEE

And the wave equation for TM modes is:

0*H

2 +(k2-pB2H, =0 (2.22¢)

For TE modes the analogous set is
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H =i——2 (2.23a)
o, 01

H, = P E, (2.23b)
Wy,

with the TE wave equation:

0°E

ZZ

' 4 (k2s - A2)E, =0 (2.23c)

Based on these equations, we can find the solutions of propagating wave of the surface plas-
mon polaritons confined to the z =0 interface. The most simple geometry sustaining surface
plasmon polaritons (SPPs) is the materials of upper half space (z > 0, illustration Fig. 2.3a)

should be dielectric and non-absorbing with positive real dielectric constant ¢,, while the
materials of lower half space (z <0, illustration Fig. 2.3a) is required to be a metallic charac-
ter with negative real part of the dielectric constant ¢, (Re[em]< 0). For metals, this condi-
tion is fulfilled at frequencies below the bulk plasmon frequency «,. We want to consider

the propagating wave solutions confined to the interface, i.e. with evanescent decay in the
perpendicular z-direction.

We first look at TM mode solutions. Using the equation set (2.22) in both half spaces yields,

for z>0:
H,(z)= Ale™e™ (2.24a)
E,(z)=1iA, k,ee (2.24b)
WELEy
_ ﬁ i n—kgZ
E,(2)=-A ——e"e (2.24c)
WELE
and for z<0:
H,(z)= Ae"e ™ (2.25a)
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E,(z)=1A, — k,ee (2.25h)
0%m
E,(2)=— B ik 2
Zz_,%a)gge(e (2.25¢)
0“m

Here, k,, and k, are the components of the wave vectors perpendicular to the interface in the
metal and dielectric media, respectively. Its reciprocal value, 2=]/|kz|, defines the evanes-
cent decay length of the fields perpendicular to the interface which quantifies the confine-

ment of the wave. By applying the boundary conditions at z =0 interface, continuity of H,

and ¢, ,E, requires that A = A, and:
=—— (2.26)

It should be noted that with our convention of the signs in the exponents in equation set 2.24

and 2.25, confinement to the surface demands Rels, ]<0 if &, >0, the surface waves exist
only at interfaces between materials with opposite signs of the real part of their permittivities,
I.e. between a conductor and an insulator, the expression for H, further has to fulfil the wave
Eq.2.22c, yielding:
k> =p8"-Ke, (2.27a)
ki=p>—kie, (2.27b)
Based on EQ.2.26 and equation set 2.27, we obtain the dispersion relation of SPPs propagat-

ing at the interface between the two half spaces:

[ En€
kx:ﬂ__ n—d

_ (2.28)
c\e,+&,

Now we briefly analyse the possibility of TE surface modes, the respective expressions for

the field components are:
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for z>0, and:
E,(z)= A, ee ™

1

H,(z)=iA, —k, e"e™"
Wiy

H,(2)= A, Letet
Wiy

(2.29a)

(2.29h)

(2.29¢)

(2.30a)

(2.30b)

(2.30¢)

for z<0. Continuity of E, and H, at the interface requires the condition to be satisfied:

Am(km+kd):O

(2.31)

Since confinement to the surface requires Re[k,,|>0and Re[k,]> 0, this condition is only

fulfilled if A, =0, so that also A, = A, =0. Thus, no surface modes exist for TE polariza-

tion. Surface plasmon polaritons only exist for TM polarization.
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Figure 2.3. (a) Geometry for SPP propagation at metal-dielectric interface. (b) Dispersion

relation of the fundamental coupled SPPs at different interfaces of Ag and dielectrics of

air, glass, and Si.
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Now we can examine the properties of SPPs by using Eq.2.28. Figure 2.3a shows the sche-
matic for surface plasmon polaritons propagation at an interface between metal and dielectric
materials. Figure 2.3b plots the dispersion relation of SPPs at the interfaces between an Ag
film with several dielectrics, including air, glass and Si. The dielectric functions of the mate-
rials were taken from literature[31]. For small wave vectors corresponding to low (mid-

infrared or lower) frequencies, the SPP propagation constant is close to k, at the light line

(has slope equal to c/\/g). In this regime, SPPs acquire the nature of a grazing-incidence

light field, also known as Sommerfeld-Zenneck wave. However, for the large wave vectors,
the frequency of the SPPs approaches the characteristic surface plasmon frequency (when
Em =84 )

w
=P (2.32)

©e J1+&4

Surface plasmon polaritons can be excited by the electron or optical beams. However optical
excitation of the SPPs on a flat metal-dielectric interface cannot be excited directly by light
beams since the SPPs dispersion curve lies entirely below that of free space light in the die-

lectric, such that ky, =k, = 8>k, where k is the wave vector of light on the dielectric side

of the interface. It requires the conservation of momentum (wave vector) parallel to the sur-
face (phase-matching). To satisfy this phase-matching, several special techniques are em-
ployed such as grating coupling or prims coupling configurations. In the prims coupling con-
figuration, also known as attenuated total internal reflection, involves the coupling of the
SPPs to the evanescent electromagnetic field that is formed upon total internal reflection of a
light beam on an interface. There are three different configurations for prism coupling, in-
cluding Otto configuration, Kretschmann (or Kretschmann-Raether) configuration, and the

mixed hybrid arrangement of these two prisms coupling configurations[34], [35], [11].
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2.1.2.2. Kretschmann configuration for optical excitation of SPPs

6
(c) 44.2° 1500 nm ]
SPP resonances 51
) 45° 800 nm 4.
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Figure 2.4. (a) Kretschmann configuration for optical excitation of SPP propagation at
metal-dielectric interface. (b) Simulated electric field of SPP propagated along Ag-air in-
terface at resonant excitation of 600 nm under incident angle of 46.2°. (c) Simulated SPP
resonant spectra of Ag-air interface under different wavelength excitations. (d) Dispersion
relation of the coupled SPP mode at Ag-air interface plotted using Kretschmann configu-
ration and a comparison with the fundamental coupled SPP.

The in-plane momentum k, =ksiné of the excited photon with incident angle of & to the
interface normal is always smaller than the SPPs propagation constant 4, even at grazing
incidence, prohibiting phase-matching. This mismatch can be overcome by using a well-
known prims coupling named Kretschmann configuration (Fig. 2.4a). This configuration con-
sists of a metallic thin film deposited on top of a prism with dielectric function ¢,, and the
film is illuminated from the dielectric prism at an incident angle 6, greater than the angle of

total internal reflection. For simplicity, we assume that the dielectric medium on top of metal

is air with dielectric function of ¢ =1. At a certain incident angle 6., the in-plane momentum
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along x-direction of the excited photon coincides with momentum k, of SPPs (or SPPs

propagation constant /) at metal-air interface, resonance tunnelling of the fields of the exci-

tation beam to the metal-air occurs and light is coupled to the surface polaritons:
p=k, =2 [e,sin0o (2.33)
c

Under these resonant conditions, a sharp minimum is observed in the reflectivity from the
metal-prism interface as light can be coupled to SPPs. The efficiency of the SPPs excitation
can be almost 100% of the excited light, and it decreases as the tunnelling distance increases
with the increase in metal film thickness. It should be noted that, the SPPs at Ag-glass inter-
face cannot be excited by Kretschmann configuration as the momentum of SPPs at this inter-

face is greater than the momentum of excited light in the prism at all angles of incidence.

For further understanding the surface plasmon polaritions propagating at a metal-air interface,
the electromagnetic simulations of SPPs at an Ag-air interface excited via Kretschmann con-
figuration were performed using a commercial software (Rsoft-Synopsys) consisted of two
packages, the DiffractMOD based on the RCWA method for calculating diffraction efficien-
cies, and the FullWAVE based on the FDTD method for simulating the time-dependent field
distributions. These simulation methods will be introduced in the subsection 2.1.3. The thick-
ness of Ag film was chosen to 30 nm, it is thin enough for the incident energy to be able to
penetrate to the Ag-air interface and excite surface plasmons[36]. The dielectric functions of
Ag, glass were taken from literature[31]. As shown in Fig. 2.4c, the SPPs resonances of Ag-

air interface were archived at the certain excitations, which satisfy the energy (o= w,,) and
momentum (k, = kg,) conservations, resulting in the minimum of the reflectivity from Ag-air

interface. As a demonstration, the simulated electric field distribution of the SPPs excited at

2.067 eV (600 nm of wavelength) under the incident angle of 46.2° was carried out as shown
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in Fig. 2.4b. It is clearly seen that, by using Kretschmann configuration and under resonance
excitation, the SPPs is excited and propagated along Ag-air interface. By plotting the energy-
momentum relation using Eq. 2.33 at certain resonant excitations, the SPPs dispersion rela-
tions at an Ag-air interface was obtained and in good agreement with the SPPs curve plotted

by using Eq. 2.28 as shown in Fig. 2.4d.

2.1.2.3. Localized surface plasmon resonance
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Figure 2.5. (a) Schematic of localized surface plasmon excitation of metallic nanoparticle.
(b) Near-field distribution of localized surface plasmon of Au nanoparticle under reso-
nance excitation at 520 nm. Extinction cross-section spectra of metal nanoparticles in dif-
ferent surrounding medium of air and water: (a) Ag nanoparticles and (b) Au nanoparti-

cles.
In the previous section, we have seen the SPPs are propagating wave. Here, in contrast, we
introduce the second fundamental excitation of plasmons, the localized surface plasmons
(LSPs). The LSPs are non-propagating excitations of the free electrons in in a closed metallic

nanostructure coupled to the electromagnetic field. The LSPs arise naturally from the scatter-
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ing problem of a small, sub-wavelength conductive nanoparticle in an oscillating electromag-
netic field. The roughness and the curved shape of particle surface exerts an effective restor-
ing force on driven electrons (Fig. 2.5a), giving rise to a resonance that amplifies the field
both inside and in the near-field zone outside the particle. As an example shown in Fig. 2.5b,
the electric field is enhanced by 5 times and confined in a nanometer scale on surface of Au
particle excited by an external field (at resonance, 520 nm). Furthermore, the LSPs can be
directly excited by light illumination, in contrast to propagating SPPs, where the excitation
requires the phase-matching. In addition, the LSPs properties, including absorption, scattering
and field enhancement are dependent on the size, shape, and dielectric function of the nano-

metal and surrounding medium.

The physics of localized surface plasmons in the simple cases such as nanoparticle can be
explained by analytical solutions based on Mie theory or quasi-static approximation, etc. For
example, the extinction cross-section of metal nanosphere can be given by the dipole absorp-

tion:

o —q% ¥ ‘92(@)
()= e L o 1) @34

where Vj is the sphere particle volume, ¢, (@) and &,, = & (@)+is,(w) denote the dielectric

functions of the surrounding medium and of the metal nanoparticle, respectively. It is clearly
seen that this formula can explain the effect of the surrounding medium. Figures 2.5c-d plot
the extinction cross-section spectra of Ag (Fig. 2.5¢) and Au (Fig. 2.5d) nanoparticles with
diameter of 15 nm in different surrounding mediums of air and water. As seen in Fig. 2.5c,
the resonance of Ag nanosphere can be red-sifted from 355 nm to 385 nm when the surround-
ing medium changes from air (lower dielectric constant) to water (higher dielectric constant).

While the resonance of Au nanosphere is located at longer wavelength of 510 nm in air, and
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it is also red-shifted to 520 nm in water. This property of nanometal can be used for refractive

index sensing so-called SPR sensing.[10], [12], [13], [37]

Because of the unique optical properties, including the extremely near-field enhancement,
absorption and scattering (extinction) enhancement, directly excited by light illumination,
size and shape dependence, the LSPs plasmonic nanostructures can provide great variety of
applications in many fields in optics and photonics. However, many plasmonic applications
required complicated plasmonic structures and they cannot be explained by simple analytical
solutions. Thus the numerical simulations are required, and several methods have been devel-

oped and imported in the commercial software as we will describe in the next subsection.

2.1.3. Electromagnetic simulations of plasmonic nanostructures

The solution of Maxwell’s equations for a problem of the plasmonic structure lets us know
the interaction between plasmonic structure with electromagnetic field as well as plasmonic
properties of metal nanostructure. However, most of plasmnonic nanostructures are compli-
cated and we cannot find analytical solution in the entire problem (structure) domain. There-
fore, numerical simulation methods are the only choices when they can split the problem
(plasmonic structure) into smaller domains or pieces (discretization). There are many numeri-
cal methods for solving Maxwell’s equations such as the discrete dipole approximation
(DDA), the finite element method (FEM), the method of moments (MoM), the rigorous cou-
pled-wave analysis (RCWA), and the finite-difference time-domain (FDTD). In general, they
can be classified into two classes: frequency-domain methods and time-domain methods. In
this section, we briefly introduce the RCWA (frequency-domain) and FDTD (time-domain)
methods, which are used for simulating the plasmonic structures in this dissertation. The elec-

tromagnetic simulations are performed using a commercial software (Rsoft-Synopsys)[38]
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with two packages, including the DiffractMOD and the FullWAVE, which are based on the

RCWA and the FDTD methods, respectively.
2.1.3.1. Rigorous coupled-wave analysis (RCWA)

Rigorous coupled-wave analysis (RCWA) is a numerical method in electromagnetic simula-
tions that is mostly applied to solve scattering from periodic structures through rigorously
solving Maxwell's equations. The DiffractMOD package based on the RCWA method has
been enhanced with modal transmission line (MTL) theory and fast Fourier factorization
(FFF), making it as a powerful software, easy to use tool (incorporated with a CAD layout)
for design and analysis 2D or 3D periodic structure such as photonic bandgap crystal, grat-

ing-assisted or plasmon-assisted devices [38], [39].

RCWA represents the electromagnetic fields as a sum over coupled waves. A periodic per-
mittivity function is represented using Fourier harmonics. Each coupled wave is related to a
Fourier harmonic, allowing the full vectorial Maxwell’s equations to be solved in the Fourier
domain (frequency domain). In this frequency domain, by factoring out an assumed time
harmonic factor e, the time dependence in Maxwell’s equations can be easily eliminated
and the fields are functions solely of space coordinates. The diffraction efficiencies are then
calculated at the end of simulation. The spatial field distributions are derived from the Fourier
harmonics. In our work, the RCWA was used for calculation of the diffraction efficiencies of

the plasmonic structures, including the transmission, reflection and absorption.

2.1.3.2. Finite-difference time-domain (FDTD)

While the RCWA is based on the frequency domain method, the finite-difference time-
domain (FDTD) is a numerical method based on the time-dependent Maxwell’s equations.

The FUllWAVE package based on the FDTD method is a highly sophisticated simulation tool
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for studying the propagation of light in a wide variety of photonic structures, especially for
producing the time-dependent results of the field in the nanophotonic structures as well as
plasmonic devices. The FDTD method is time-tested and stable, and can efficiently handle
material dispersion and nonlinearities. Also, because it is based in the time-domain, it can
cover a wide frequency range with a single simulation run. Furthermore, FDTD lends itself to
cluster computing. This allows the computational demand for a single problem to be shared

among several computers on a network, and permits us to simulate problems otherwise im-
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Figure 2.6. In a Yee cell of dimension Ax, Ay, Az. The E field components are in the

middle of the edges, the H field components are in the centre of the faces.[40]

The FDTD method solves Maxwell's equations by first discretizing the equations via central
differences in time and space and then numerically solving these equations in software. The
most common method to solve these equations is based on Yee's mesh[40] and computes the
E and H field components at points on a grid with grid points spaced AX, Ay, and Az apart.
The E and the H field components are then interlaced in all three spatial dimensions as shown
in Fig. 2.6. Furthermore, time is divided up into discrete steps of At. The E field components
are then computed at times t =nAt and the H fields at times t=(n+1/2)At, where n is an
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integer representing the computing steps. For example, the E field at a time t =nt is equal to
the E field at t = (n —1)At plus an additional term computed from the spatial variation, or curl,

of the H field at time t.[38]
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Figure 2.7. Electromagnetic simulation of Au-dimer on glass substrate with Au diameter
of 15 nm, gap size of 5 nm, and domain size (periodicity) of 60x40 nm. (a) Simulated ex-
tinction of Au-dimer using RCWA with polarization along the dimer axis (Ej, red), and
perpendicular to the dimer axis (E., black). (b) Simulated electric field distribution of Au-
dimer excited at resonance (546 nm) under parallel polarization (parallel-mode). Insets in
(b) show schematic of the charge profile of Au-dimer, parallel dipole (bright-mode) and
anti-parallel dipole (dark-mode).

For most periodic structures, the RCWA method implanting in DiffractMOD is faster than
FDTD method implanting in FullWAVE. The diffraction efficiencies calculated by RCWA
method from DiffractMOD can be combined with the time-dependent results of the field cal-
culated by FDTD (FullWAVE) to fully investigate plasmonic properties of the metal
nanostructures. For example, by using RCWA and FDTD, we have numerically stimulated
optical properties of gold periodic nano-dimer (Au-dimer), which can act as a plamonic
nanogap where the near-field is confined at the gap of Au spheres. The Au-dimer parameters
were chosen to be 15 nm for Au sphere diameter, 5 nm for the gap between two Au spheres
and 60x40 nm of domain size (periodicity), and sitting on top of a glass substrate. The dielec-

tric function of Au and glass were taken from literature[31]. The simulated results are shown
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in Fig. 2.7. As seen in Fig. 2.7a, the extinction spectra of Au-dimer show the polarization de-
pendence, the resonant peak at 520 nm (black) is corresponded to the polarization perpendic-
ular to the dimer axis, it is almost similar to the extinction spectrum of the individual Au
sphere particle. In contrast, when the polarization is along the dimer axis, the Au-dimer sup-
ports both parallel and anti-parallel dipole modes due to hybridization between dipole modes
of the two identical plasmonic nanoparticles[41]-[48] . The schematic of the charge profile of
Au-dimer indicating two dipole modes are shown in the insets of Fig. 2.7b. It would be noted
that the anti-parallel mode cannot be excited by a plane wave, this is so-called dark-mode,
while the parallel mode (bright-mode) shows resonant extinction at 546 nm, and it is red-
shifted compared to the perpendicular polarization case. In particular, due to the coupling be-
tween two Au particles, the bright-mode gives rise to a highly near-field enhancement in the
gap of Au-dimer. Figure 2.7b shows the electric field distribution of Au-dimer under excita-
tion of bright mode. The electric field enhancement was found to be 10 time, it is far higher
compared to the single AuNP as shown in Fig. 2.5b. Thus, this simple plasmonic nanogap
Au-dimer with strong hot-spot has extensive application such as surface-enhanced spectros-
copy[49] or plasmon-enhanced nonlinear process[50]. We will discuss in more detail this

plasmonic nanogap in another dimer structure composed of two triangles in Chapter 3.

2.2. Plasmonic nanostructures for sensing and energy conversion applications

Plasmonic nanostructures have found broad promising applications from biosensing, photoca-
talysis, metamaterials, to light harvesting devices due to their unique plasmonic properties. In
this section, we describe three examples of plasmonic strutures in which their optical proper-
ties can be applied for molecular sensing (SERS)[28] and the efficient photocatalysts[29],
[30]. The first example introduces optical properties of gold percolated film. The nonlinear

dynamic of free electrons in this gold percolate film induced by intense THz electromagnetic
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field are also discussed[27]. The second example presents one of the well-known structure so
called MIM plasmonic metamaterial, which is composed of two gold nano-disks isolated by
an oxide insulator. The third example describes the gold nanocages (AuNCs)-TiO, hybrids

with multiple hot-spots for the plasmon-enhanced photocatalysis application.

2.2.1. Optical properties of percolated gold film and nonlinear electrons dynamic

induced by intense THz pulse

Figure 2.8. (a) SEM image of a percolated Au film with multiple Au-islands. (b) Strong

electric field confinement in the gaps between nano-islands

Gold has been extensively studied in the fields of microelectronics and bio-sensing because
of its high conductivity and stability. Plasmonic Au nanostructures have been extensively
studied over past decades due to their unique plasmonic property. A simple plasmonic
nanostructure can provide strong near-field enhancement that is Au nanoparticle as shown in
previous section. Depending on the size and shape, the resonance of AuNPs can be tuned
from VIS to NIR regions. Here we introduce AuNPs with random size and shape so-called
Au-islands which are formed on Au percolated film. As we can see in Fig. 2.8a, an SEM im-
age of Au film composes of random Au-islands is deposited by wet-chemical method. As
their size and shape are random, the resonance of Au-islands can be ranged from VIS to MIR
with strong field confinement at the gaps between Au-islands. As an example, under excita-

tion at 5 um, multiple hot-spots at the gaps in Au film can be achieved (Fig 2.8b). This plas-
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monic Au film with multiple gaps can be applied for surface-enhanced spectroscopy such as

in situ SEIRA, which will be introduced in Chapter 4.

The optical properties of plasmonic nanostructures are dependent on the dynamics of free
electrons in metals, i.e. they are affected by the intense electromagnetic fields. For example,
free electron in Au NPs or Au film can be accelerated by intense THz pulse, resulting in non-
linear dynamic response of free electrons, and therefore, the plasma frequency and damping
constant of metals can be changed. Recently, nonlinear dynamics of free electrons in Au
films and percolated films were observed[27], [51]. It was found that, by applying an intense
THz pulse (maximum of 284 kV/cm), the plasma frequency of electrons is slight increased
and the damping constant is significantly decreased, resulted in a the nonlinear decrease of

the transmittance of Au film.[27]
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Figure 2.9. (a-c) SEM images of Au films: (a) agglomerated Au nano-islands (S1), (b)
Coalesced Au nano-islands (S2), and (c) Connected Au-islands with gaps (S3). (d) Simu-
lated transmittances of Au films (S1, S2, S3) from IR - THz region. (e) lllustration of
nonlinear dynamic of electrons in Au film induced by electron-electron collision or tun-

nelling effect at the gaps of Au-islands.
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The nonlinear dynamics of electrons induced by intense THz pulse can be explained as
shown in Fig. 2.9. Au films with nanogaps (percolated film, Fig. 2.9a-c) have linearity trans-
mittance as shown in Fig. 2.9d. When an intense THz field is applied, the free electrons in
Au-islands are accelerated and scattered at the boundaries of Au-islands (Fig. 2.9e, back scat-
tering). When increasing the THz field intensity, the free electrons are accelerated at a high
speed and they can tunnel over boundaries between Au-islands, resulted in the decrease of the

transmittance (Fig. 2.9e, tunnelling).[51]

2.2.2. Gold nano-sandwich hybrid arrays based plasmonics metamaterial

We have discussed the hybridization between two plasmonic nanometals such as Au-dimer
across plasmonic nanogaps, which can give rise to high electric field enhancement in the gaps
when excited by an optical plane waves. In contrast, the coupling between plasmonic nano-
metals that are vertically stacked by a thin dielectric layer can give rise not only electric field
enhancement at metal surfaces but also can induce magnetic field enhancement in the gap
between nanometals. For example, a pair of gold nanodisks stacked in a sandwich-like struc-
ture gives a large enhancement of the magnetic field when excited by a plane optical
wave[52], [53]. In this subsection, we demonstrate optical properties of the metal-insulator-
metal (MIM) gold nano-sandwich arrays fabricated by nanoplastic forming combined with

thermal dewetting process[28].

The proposed Au nano-sandwich hybrid array is shown in Fig. 2.10a. Firstly, a layered Au-
SiO,-Au film was deposited using sputtering, and then nano-sandwich structure was formed
using nanoplastic forming combined with thermal dewetting process[28]. By controlling the
experimental conditions, 3D internal structure with tandem plate-dot architecture by Au-
SiO,-Au stacking is successfully fabricated as shown in SEM image (Fig. 2.10a). Reactive

ion etching was employed to study the effects of the selective etching of the SiO; layer on the
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optical properties of the Au nano-sandwiches. Electromagnetic simulations using RCWA and

FDTD were also performed to further study plasmonic properties of the Au nano-sandwich

hybrid.
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Figure 2.10. (a) Proposed Au nano-sandwich hybrid arrays, and SEM image of a fabricat-
ed sample. (c) Measured and (d) Simulated transmittance spectra of variety of gold nano-
sandwich hybrids show two resonances related to electric-dipole (short-wavelength) and
magnetic-dipole (long-wavelength) modes.

Figure 2.10b presents the measured transmittance spectra of the Au nano-sandwich hybrid
with different etching thickness. Double peaks are observed representing the surface plasmon
resonance in the Au nano-sandwiches. The two distinctive features are considered as a high-
energy resonance that peaks at around 670 nm and a low-energy resonance with a maximum
at about 1000 nm. For comparison, the spectrum from single purely metallic nano-plate array
shows a peak at around 760 nm. It is considered that the resonance features of the double lay-
er nanodot array cannot be identified as elementary contributions from its individual layer

nanodot. In contrast, the double resonance peaks is due to dynamic coupling between the two
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layer components. When the sample was etched 10 nm, the peaks blue-shift indicating the
SiO, layer was etched out, and the environmental media of the first layer nano-plate changes
to air. When etching 30 nm, the size and thickness of second layer Au dot became smaller

due to over-etching and the second peak reduced a lot.

Glass

Figure 2.11. Simulated electrical field (Ex) and magnetic field (Hy) gold nano-sandwich
(10 nm etching) arrays. (a) Ex and (b) Hy fields distributions under excitation at electric
dipole mode of 675 nm. (c) Ex and (d) Hy fields distributions under excitation at magnet-

ic dipole mode of 1040 nm.
Numerical simulations were conducted to study the origin spectral characteristics. The exper-
imental transmittance spectra are compared with the spectra simulated based on RCWA
method. Figure 2.10c shows simulated transmittance spectra of monolayer disks arrays and
Au nano-sandwich hybrids in their evolution changing of SiO, layer by etching process. The
agreement between experiment and theory is good in terms of the peak positions. In the case
of single layer nano-plate array (gray curve), there is a broaden peak around 750-760 nm due
to the plasmon resonance of the squared Au disk array. Nevertheless, in the case of double

layer nanostructure, there are two resonance peaks corresponding to the electric dipolar (par-
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allel, high-energy mode at wavelength of about 650 — 700 nm) and magnetic-dipolar (antipar-
allel, low-energy mode at wavelength of about 1000 — 1150 nm). As shown in Fig. 2.10b, the
peak positions in both electric dipolar and magnetic dipolar modes are slightly blue-shifted
by etching processes. These blue-shifts were confirmed by simulated results as shown in Fig.
2.10c due to the change of the dielectric function around bottom layer surface from SiO; to
air and the size reduction of the metal objects during etching process. Some quantitative vari-
ations between the experimental results and numerical results are expected because the nu-
merical structure does not precisely represent the real structure (e.g., including metal and die-
lectric permittivity, the shape, etc). It is thus likely that the large experimental peak widths
are a result of inhomogeneous broadening, due to a distribution of nanostructure morphology

for the measured samples.

To clarify the optical properties of the gold nano-sandwich hybrids, the electric and magnetic
fields distribution around structure were simulated as shown in Fig 2.11 for the case of 10 nm
Si0O, etching. Figures 2.11a-b show the simulated electric and magnetic fields distribution
around Au nano-sandwich structure under high-energy mode excitation at 675 nm. The re-
gions of intense electromagnetic field indicate the "hot spot™. The electric field enhancement
was found to be 11.5 at the hot spots and placed at the sides of top and bottom objects with
the same phase (positive electric field) of electric dipoles oscillation, while there was no en-
hancement of magnetic field, indicating the symmetric and parallel nature of the electric di-
poles. In contrast, Figures 2.11c-d show that clear enhancements in both electric and magnet-
ic fields were found in the vicinity of the structure under low-energy mode excitation at 1040
nm, to be 25.5 and 7.5, respectively. Furthermore, in this case, the electric dipoles at the sides
of top and bottom objects are oscillated in opposite phases (electric field at top object is posi-
tive, while electric field at bottom object is negative), resulting in a loop-like charge motion

which generates a strong magnetic field in between top and bottom objects at the center of the
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object. This indicates that our present plasmonic hybrid can be applied as plasmonic metal-
materials as well as surface-enhanced Raman scattering since the strong electric field en-

hancement was found on Au surface[28].

2.2.3. Gold nanocages (AuNCs) and AuNCs-TiO, hybrids
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Figure 2.12. AUNCs-TiO, photocatalyst. (a) AUNCs, from top to bottom: Au cubic (with-
out hole), with small holes, and with big holes. (b) Simulated and measured extinction
spectra of AuUNCs without TiO, and with different holes sizes. (c) Simulated and meas-
ured extinction spectra of AUNCs-TiO, hybrids. (d) TEM image of AuNCs-TiO, hybrid.
(e) Simulated electric field distribution of AUNC-TiO, hybrid excited at 700 nm shows
multiple hot-spots at Au-TiO; interface with strong electric field enhancement of 40 folds.

Recently, incorporating plasmonic coinage metal nanoparticles (Au, Ag, Cu NPs) with strong
electromagnetic fields enhancement has emerged as a promising new strategy for the plas-
mon-assisted light harvesting applications such as efficient-sunlight photocatalysis[25]. Tak-
ing into account of the critical roles played by AuNPs, i.e., photon harvesting and energy

transfer, asymmetric AuNCs nano-hybrid is particularly attractive. Moreover, the non-
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centrosymmetric coupling of the metal and semiconductors nanoparticles at their small, inter-
connecting junction has been found to potentially generate extremely strong local electric
near-fields through interparticle coupling. Though a few attempts have been made to prepare
AUNCs hybrids that can be applied to long-wavelength visible light harvesting still remains a
great challenge. In this subsection, we numerically investigate the optical properties of
AUNCSs and AuNCs-TiO, hybrids in which their resonance can be tuned in a wide range from
VIS to NIR with multiple hot-spots providing potential application in solar-assisted photo-

catalysts[29], [30].

The AuNCs used in this work were synthesized using an Ag nanocube template with edge
length of about 35 nm, which was first synthesized via a polyol method as described else-
where. The optical properties of the plasmonic AuNCs, including resonance spectra as well
as near-field enhancement, can be engineered by changing the size of AUNCs and nanoholes.
Figure 2.12a shows a three AuNCs without and with different holes sizes named AuNCO,
AUNCL1 and AuNC2. The resonance of AuNCs were carried out and confirmed by electro-
magnetic simulation using the RCWA as shown in Fig. 2.12a. As seen that, the resonance
wavelength of AuNCs increases when increase the holes sizes. In addition, an AuNCs-TiO,
hybrid was synthesized and its resonance was also investigated by both measurement and
simulation with a maximum peak located at around 700 nm as shown in Fig. 2.12c. The
simulation model is based on geometries of Janus AuNCs-TiO, hybrid from TEM images
(Fig. 2.12d) with excited plane wave propagated along the -z axis and oscillated in the xz
plane, which is parallel to the cross-section of Janus AuUNCs-TiO,. The simulated extinction
of Janus AuNCs-TiO; is similar to its UV-vis spectrum from experiment, indicating the simu-
lation model is well established. The electric field distribution of this Janus AUNCs-TiO, hy-
brid was performed using FDTD method as result shown in Fig. 2.12e. The electric fields

around AuNCs and AuNCs-TiO; interface are extremely enhanced as the “hot spots”, which
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should provide the enhancement of the efficiency of the photocatalyst. The electric field en-
hancements at the AuNCs surface and AuNCs-TiO; hybrids interface are reached 38 times
that of the incident electric field. That is, the field intensity (|E|) is about 1400 times higher
than that of incident one, which means the photon absorption rate as well as electron-hole
pair generation rate in TiO, catalyst, are largely enhanced. In addition, the strong near-field
hot-spot located at metal-TiO, interface can provide sufficient energy for electrons to over-
come Schottky barrier between metal-semiconductor, inducing hot-electrons injection from
AUNCs to conduction band of TiO,, resulted in the photocatalytic activity of TiO, under

long-wavelength (VIS - NIR) excitation[29], [30].

2.3. Summary of Chapter 2

We have introduced the fundamental of plasmonics, the optical property of metallic materials.
Two plasmonic waves, including the SPPs at metal-dielectric interface and the LSPs of me-
tallic nanostructures were investigated through classical theory as well as numerical simula-
tions. Two numerical methods included RCWA and FDTD (Rsoft-Synopsys) were briefly
introduced, and applied to examine the optical properties of the Au-dimer. The electric field
confinement in plasmonic nanogaps, and nonlinear electrons dynamic induced by intense
THz pulse in Au percolated film were also discussed. We have further numerically demon-
strated optical properties of two plasmonic hybrids composed of metal and metal-oxide,
which have been used for SERS[28] and efficient photocatalyst[29], [30]. The Au nano-
sandwich hybrid presented double resonances, which were assigned to electric-dipole mode
(short-wavelength) and magnetic-dipole mode (long-wavelength) when the electric dipoles in
top and bottom metallic nanoplates and are oscillated in the same phases and in the inversed
phases, respectively. The metal-insulator-metal plasmonic hybrid will be discussed in more

detail when we introduce the MIM plasmonic perfect absorber in Chapter 5.
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3. PLASMONIC NANOGAPS FOR SERS AND SEIRA

In previous chapter, we have introduced the fundamental of plasmonic, especially the optical
property of plasmonic nanostructure, which can provide huge near-field enhancement and
light-confinement in nanometer scale at surface of nanometals. As one example of Au nano-
sandwich with strong electric field enhancement at the gaps between Au plates on top layer,
and this has been used for SERS application[28]. In this chapter, we demonstrate the uses of
plasmonic hybrids composed of nanogaps as the multiple hot-spots for SERS and SEIRA ap-
plication. | begin this chapter by reviewing the SERS and SEIRA. Then in the second section,
the dark-field scattering and SERS spectroscopies are studied on a floating aluminum antenna
structure designed for 532 nm resonance. In the third section, the in situ chemical synthesis of
plasmonic nano-hybrids with multiple hot-spots for SEIRA and their applications for in situ

sensing of biomolecules and mercury ions in water will be shown.

3.1. Surface-enhanced vibrational spectroscopy: SERS and SEIRA

Localized surface plasmons (LSPs) spectroscopy of metallic micro- and nanostructures is a
powerful technique for chemical and biological sensing experiments[13]. Moreover, the LSPs
is responsible for the electromagnetic field enhancement that leads to surface-enhanced Ra-
man scattering (SERS)[15], [17], surface-enhanced infrared absorption spectroscopy (SEI-

RA)[21]-[23], [25], [24], [54], and other surface-enhanced spectroscopies.

SERS is a spectroscopic technique, which combines laser spectroscopy with the excited near-
field of the plasmonic nanostructures, the induced near-field so-called hot-spot located at

metal surface can also excite the molecules attached on metal surface, resulting in strongly
increased Raman signals[55], [56]. Because Raman intensity is proportional to A, where A

is the laser wavelength, the SERS enhancement factor therefore is also a function of (E/E, ),
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where E and E, are the amplitudes of the induced and incident electric field, respectively.

Depending on the structure and the matching between laser wavelength and resonance wave-
length of plasmonic structure, the SERS enhancement factor can be ranged from several to
more than 10 orders[56]. The plasmonic structure with small gaps such as Au-dimer[57] or
Au-bowtie antenna[58] can produce very high SERS enhancement factor (exceeding 10),

which have been used to detect single molecule.

The discovery of SERS[15], [17] opened the field of surface-enhanced spectroscopy, includ-
ing surface-enhance fluorescence (SEF)[14], linear and nonlinear optical phenomena. In par-
ticular, the realization of SEIRA[21]-[24] permitted one to speak of a unified field of sur-

face-enhanced vibrational spectroscopy, supported by the enhanced Raman and infrared

techniques[54]. Unlike the enhancement of (E/E, )’ for SERS, the enhancement factor for

the SEIRA is proportional to (E/E,)’. The plasmonic structure is SEIRA active where the

near-field enhancement in infrared region is matched to the molecular vibrations, and there-
fore, this IR near-field can also enhance the vibrational absorption of molecules. In addition,
if the plasmonic resonance frequency is well-matched to the vibrations of the molecules, the
strong coupling between them can occur, giving rise to the Fano-type behaviour of the spec-
tral signal[24]. SERS and SEIRA are two sensitive vibrational spectroscopic techniques sup-
ported by plasmonic structures. In the next sections, we will demonstrate our study on these

spectroscopies using plasmonic metal and metal-oxide nano-hybrids.

3.2. Floating aluminum nanobowtie based plasmonic antenna for SERS

In this section, we present the design, simulation and experimental study of optical properties
and the SERS application of the floating aluminum bowtie based plamonic antenna. Before

starting the Al bowtie antenna, we firstly investigate optical properties of plasmonic Au bow-
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tie antenna[58]-[60], which have been extensively studied in recent years since this structure

can provide a strong field confinement in the gaps of the bowtie antennas.

3.2.1. Optical properties of plasmonic bowtie nanoantenna
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Figure 3.1. (a) Schematic of non-floating bowtie array. (b) Schematic of the charge pro-
file of triangle, parallel and anti-parallel modes[48]. (c) Simulated extinction spectra of
non-floating Au bowtie on a glass substrate excited at different polarizations. (d) Simulat-
ed field distribution of bowtie antennas at resonance of 785 nm. The scale bar is 100 nm.

Plasmonic bowtie nanoantennas can provide huge enhanced electric fields that are confined
to spatial scales far below the diffraction limit at the gaps of bowties[59]. Fig. 3.1a shows a
schematic of an Au non-floating bowtie antenna arrays designed to 785 nm resonance. The
Au triangle in each bowtie sitting on top of a glass (SiO,) substrate has the size of 135 nm. As
shown in Fig. 3.1b, the simulated extinction spectra of Au bowtie have a resonance at 785 nm
when excited polarization is parallel to the bowtie axis (red curve), which is so-called paral-

lel-mode[48] as discussed in Chapter 2. Likewise, the perpendicular polarized excitation is
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similar to the excitation of the individual triangles (triangle-mode), and the resonance spec-
trum is blue-shifted compared to parallel excitation as shown in Fig. 3.1 ¢ (peak at 680, blue
curve). It would be noted that, the anti-parallel mode cannot be excited by a plane wave so-
called dark-mode[48]. It can be excited by electron beam, and detected by cathodolumines-
cence spectroscopy. Figure 3.1c shows electric field distribution (side view and top view) of
the non-floating Au bowtie antennas excited at 785 nm (parallel-mode). It was found that, the

electric field is confined at the gap of the bowtie with an enhancement factor as high as 70.
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Figure 3.2. (a) Schematic of floating bowtie array. (b) Simulated extinction spectra of
floating Au bowtie supported by SiO, pillars on a glass substrate at different polarized
excitations. (c) Simulated electric field distribution of floating Au bowtie under excitation

paralleled to bowtie axis.
To reduce the screening of the substrate with high permittivity and high optical quenching,
the bowtie can be floated by low-permittivity pillar as the schematic shown in Fig. 3.2a. Be-

cause the free surrounding medium like air has smaller permittivity than that of any dielectric

37



substrates, the floating bowtie antenna therefore has a larger size compared to non-floating
bowtie antenna designed at the same resonance. For example, a floating Au bowtie antenna
array supported by SiO; pillars has the size of 150 nm designed to 785 nm resonance wave-
length at parallel-mode, while non-floating Au bowtie requires smaller size of 130 nm at the
same 785 nm resonance. This is importance since the size and shape of plasmonic nanostruc-
tures are not easy to be controlled at nanometer scale, while their optical properties are
strongly depended on these parameters. In addition, the enhancement factor as wells as the
total volume of the enhanced electric field on free metal surface can be improved compared
to non-floating bowtie. As seen in Fig. 3.2c, the electric field enhancement factor is as high as
107, this value is far higher than that of non-floating Au antenna designed at the same reso-
nance wavelength of 758 nm. This evaluation expected the advantage of floating bowtie
compared to non-floating bowtie antenna in the application related to near-field enhancement
such as surface-enhanced spectroscopy. In the next study, we will describe the use of floating

bowtie antenna made by Aluminum for SERS application.

3.2.2. Floating aluminum nanobowtie: optical properties and SERS application

Being the third most abundant element in the earth, after silicon and oxygen, aluminum has
been used widely in industry. Recently, it attracts tremendous interest in the plasmonics re-
search as it is promising as an alternative replacement for noble metals such as gold and sil-
ver[61]-[65], [33]. Despite of displaying a drawback of the native oxide Al,O3 layer (2 - 4
nm) which induce a red-shift in resonance, plasmonic aluminum nanostructure is an emergent
in the field of plasmonic sensing as the detection mechanism is based on the electromagnetic
field enhancement rather than the charge transfer effect[66], [67]. Compared to gold and sil-
ver whose interband transitions are at ~500 nm and ~330 nm[32], relatively, aluminum has

lower interband transition energy of about ~800 nm. In addition to that, with plasma fre-
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quency of 12.7 eV and real part of the dielectric constant is negative even below 200 nm
while imaginary part is still lower than that of absolute value of relatively real part, making
Al a perfect Drude metal from visible (V1S) to the ultra-violet (UV) range[68]—[70], especial-
ly in UV range. Therefore, plasmonic resonance of aluminum nanoantenna can be tuned over
the UV-VIS to the near-IR band-edge of aluminum, just by adopting suitable architectures on

the objects[71]-[73].

UV plasmonic study is not widely investigated though it is promising for the study on the
photo-induced chemical reactions as well as molecular sensing. The latter case holds a great

interest since Raman cross section of molecules is increased in the short-wavelength region

A7 . Group velocity of the "slow light" formed by the coupling of plasmon and light is
screened by the dielectric property of the surrounding media. Thus, having an equality of the
group velocity (by having homogeneously surrounded dielectric medium) between the upper
and lower metal/dielectric interfaces would give a better homogeneity of the distribution of
electromagnetic field[58]. The induced field enhancement at the nanogaps located between
two plasmonics structures are therefore could be increased and occupy a larger total volume.
In this study, we investigate the plasmonic mapping of the scattering spectra of the freestand-
ing aluminum bowtie antenna, correlated the obtained resonance with their sensing capability
by SERS study. Supported by the numerical simulations, we show a demonstration of the
floated Al antenna as the Raman active objects for SERS. Our result figures out the possible

applications of the oxide-coated Al bowtie antenna for the SERS research.

3.2.2.1. Optical properties of floating aluminum bowtie antenna

The freestanding Al bowtie nanoantennas were fabricated by the standard procedure using
electron beam lithography, lift-off and reactive ion etching. Prior to the fabrication, a 200 nm

thick layer of SiO, was prepared by thermal oxidation on the Si wafer. A 4 nm Cr layer was
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used as an adhesive layer stack for the Al on SiO, posts. Morphology of the Al bowtie arrays
was characterized by using a field-emission scanning electron microscope (FE-SEM, Hitachi
SUB000). Figure 3.3 presents the top-view (Fig. 3.3a) and tilted-view (Fig. 3.3b) SEM image
of an Al bowtie antenna array with parameters of 105 nm width, 20 nm gap, 1400 nm perio-
dicity (the distance between two bowties) and 1120 nm spacing (the distance between two
bowties lines). The inset in Fig. 3.3a-b shows a bowtie antenna standing freely on the SiO;

posts with triangular shape.

Figure 3.3. (a) Top-view and (b) Tilted-view SEM images of floating bowtie alu-

minum fabricated on Si substrate.
A con-focal Raman microscope (WITec Alpha 300S) combined with a halogen lamp (Lucir-
LAHL100) in UV-NIR range and a 50x (Zeiss) dark-field lenswas used for the investigation
of the plasmonic scattering property (dark-field geometry). The spectroscopic measurements
of the Al bowtie antenna are presented in Fig. 3.4 and Fig. 3.5. As the obtained spectra are
achieved by normalization the dark-field scattering on the area with the presence of bowtie
antenna to the reference area of the bare SiO, sample, it is hence inferred that our measure-
ment reflects the plasmonic characteristics in the far-field of the antenna resonances. In the
near-field measurement regime, in the particular case of bowtie antenna, the resonance spec-

trum depends on the position of excitation of single object. For example, the bowtie gap-
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mode (bright mode) and dark-mode are seen under the excitation at the point near the gap,
and at the point located far from the gap, respectively[48]. For the far-field measurement, the
resonance spectrum is a superimposition of the scattering, emission and interaction from the
objects. The difference between the near-field and far-field resonance in the Au nanorod- and
nanotube-array and their impacts on SERS have been discussed[74]: the far-field measure-
ments imply the resonant nature (with longitudinal-mode and transverse-mode) of the plas-
monic nanoantenna and does not influence much on the SERS effect; in contrast, the near-

field resonance (or cavity mode) does effect on the SERS signals.

Figure 3.4 shows a spectroscopy study on a floating Al bowtie array with 105 nm width, 1400
nm periodicity and 1120 nm spacing and 20 nm gap. A dark-field optical image (Fig. 3.4a)
shows a highly contrast of an Al antenna array indicating the dark-field scattering of the indi-
vidual bowtie, while their scattering spectra (Fig. 3.4b) shows a broad band resonance with
two main peaks featured at 565 nm and 650 nm. In addition, the scattering spectrum on each
individual bowtie (black curve in Fig. 3.4b) is slightly different compared to the averaged
spectrum (red curve in Fig. 3.4b) taken on a 10x10 pm? scanning area. While both the single
and averaged area shows the broad spectra, the resonance spectrum of single bowtie is domi-
nant and featuring at the short-wavelength peak (565 nm). It is clearly seen in Fig. 3.4c, by
integrating scattering spectra around 565 nm, the dark-field spectral image shows clearly
scattering signal responded at bowtie position. In contrast, the dark-field spectra image inte-
grated at around long-wavelength peak (650 nm) is show the scattering responded at centre
position between bowties, indicating the interaction between bowties in the periodic structure.
However, due to the limitation of the spatial resolution, the scattering spectra taken on indi-

vidual bowtie and between bowties are influenced by each other spectrum.
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Figure 3.4. Dark-field spectroscopy of Al bowtie antenna. (a) Dark-field optical image.
(b) Dark-field scattering spectra of single bowtie (black curve) and on an area (10x10
um?) bowtie (red curve). (c) Dark-field spectral mapping image integrated at around res-
onance wavelength of single antenna (530 - 600 nm) showing the scattering responded at
centre of bowtie. (d) Dark-field spectral mapping image integrated at around 650 nm in-

dicating the interaction between bowties.

We further investigated the dark-field scattering spectroscopy on different bowties as shown
in Fig. 3.5. As seen in Fig. 3.5a, the scattering spectra taken from the individual bowtie and a
10x10 pm? scanning area of a floating Al bowtie array with 105 nm width, 840 nm periodici-
ty, 1120 nm spacing and 20 nm gap show the broadband features similar to 1400 nm perio-
dicity Al bowtie. A little blue-shift was found on the averaged spectra of the 840 nm perio-

dicity bowtie compared to the 1400 nm bowtie, which is caused by a shorten periodicity of
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this 840 nm bowtie compared to 1400 nm bowtie. The dark-field spectral image integrated
around short-wavelength peak of this 840 nm periodicity Al bowtie is shown in Fig. 3.5b, in-
dicating the scattering signal on each individual bowties. Figure 3.5¢ shows the dependence
of resonance spectra on the gap of Al bowties. These two spectra are taken on the individual
bowties with 105 nm width, 1400 nm periodicity and different gaps of 10 nm (black curve)
and 20 nm (red curve). As clearly seen that, the resonance spectra of Al bowtie is blue-shifted
when the gaps increased. Figure 3.5d shows a dark-field spectral image integrated around 560

nm of 10 nm gap Al bowtie, indicating strong scattering from single Al bowtie objects.
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Figure 3.5. (a) Dark-field scattering spectra of Al bowtie with 105 nm width, 840 nm pe-
riodicity, 1120 nm spacing and 20 nm gap and (b) Its dark-field spectral mapping image
integrated at around resonance wavelength of single antenna (530 - 600 nm). (c) Dark-
field scattering spectra of Al bowties with 1400 nm periodicity, 1120 nm spacing and dif-
ferent gaps of 10 and 20 nm. (d) Dark-field spectral mapping image integrated around
560 nm peak of 10 nm gap bowtie.
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3.2.2.2. SERS study on plasmonic Al bowtie antenna
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Figure 3.6. Demonstration of electric field enhancement of freestanding bowtie antenna
by means of surface enhanced Raman spectroscopy (SERS). (a) Bright-field optical im-
age (seen under confocal microscope). (b) Raman mapping. (c) Dark-field spectral image
indicating the plasmonic mapping of the antenna arrays. (d) SERS measurements of NB
molecules on Al bowtie antenna. The black curve and red curve show Raman signals OFF
and ON the objects. The small inset indicates the Raman signals under different excita-

tion conditions, parallel to the gap and perpendicular to the gap, respectively.

As for the demonstration of SERS effect, a 10 ul droplet of Nile blue solution (NB, concen-
tration 3uM) was spread over entire the Al bowtie arrays on 1x1 cm? Si substrate and then
dried in ambient condition. The mapping of SERS measurements were performed on an area
of 10x10 um?, spatial resolution of 40 pixels (250 nm/ pixel), integration time 0.2 s/pixel. A

100x lens was used to focus a 532 nm laser (500 uW) on NB treated Al bowtie antenna for
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SERS excitation. Figure 3.6 shows our demonstration on the field enhancement of Al free-
standing bowtie antenna by means of SERS measurements on NB molecules. Very different
from Au and Ag nanoparticles surfaces which allow for a well-defined absorption of a single
layer of probe molecules (ODT, for instance), giving a precise estimation of the enhancement
factor of the nano-objects[24]; the Al antenna are naturally coated by a few nm thick Al,Os
that protects the Al surface from contacting directly to the probe molecules. However, the
Al,O3 is a fairly inert and reusable surface making it a promising SERS template for practical
applications. The use of the Al,Os-Al configuration for the SERS measurements is also a
demonstration of the electromagnetic field enhancement effect on the SERS effect as the
charge transfer (also known as chemical effect) between the plasmonic antenna and the Nile
blue molecules is completely eliminated. The SERS effect on the Al bowtie arrays was inves-

tigated by evaluating the enhancement of the Raman spectrum of NB molecules.

Figure 3.6a-c show an optical image (seen by con-focal microscope), a dark-field scattering
mapping image of the corresponding area, and a reconstructed Raman mapping image (inte-
grated at 590 cm™ band), respectively. Fig. 3.6d shows the SERS spectra of Nile blue mole-
cules at the position "ON" the Al bowtie (red spectrum) and at the position "OFF" the Al
bowtie (black spectrum). It is noted that the peak located at 520 cm™ is originated from pho-
non vibration in Si substrate, and two main Raman peak of NB at 590 cm™ and 1640 cm™ are
attributed to a collective ‘ring-breathing mode’ and a NH, deformation mode of the molecule
structure, respectively[75]. It is obvious that the Raman signals of NB fingerprints are strong-
ly enhanced if the molecules are located at the position of Al bowties, giving a clear evidence
of SERS effect due to the near-field enhancement at the gaps of the Al bowties antenna. Ad-
ditionally, the measurement of the polarization-dependent on the SERS effect was performed
by using a half-wave plate to change polarization of the excitation laser. The inset in Fig.

3.6d shows that the relative intensity of Raman signals at 590 cm™ peak in case of polariza-
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tion laser in parallel (to the bowties axis, black curve) is significantly higher than that of per-
pendicular excitation regime (red curve). As the NB molecules cover entirely the bowtie an-
tenna, the overwhelming of Raman signals in the parallel excitation to the perpendicular
mode reflects that the gap-mode of plasmonic antenna (known as parallel-mode) gives a larg-
er enhancement than the quadrupole mode (triangle-mode) which is typically smaller (in term

of energy) and higher energy (or in term of frequency), compared to the gap-mode.
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Figure 3.7. (a) Simulated extinction of Al bowtie with parallel excitation mode (different
gaps size of 10, 20, 30 nm) or perpendicular excitations (10 nm gap). The electric field
enhancement is well known as the primary mechanism of SERS. In addition to demon-
strate the SERS effect on the Al bowtie nanoantenna, the electric field distribution around
Al bowtie at 532 nm excitation was simulated with two polarized excitations. (b) Perpen-
dicular polarization. (c) and (d) Parallel polarization with size-view and top-view, respec-

tively. The scale bar is 50 nm.
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The plasmonic property of the floating Al bowtie antenna arrays is further investigated by
means of electromagnetic simulation. The RCWA and FDTD numerical simulations were
employed to get further understanding of the optical property of the Al bowties as well as the
enhancement nature of the electromagnetic field at their gaps and surfaces. Dielectric func-
tions of Al, Cr, Si and SiO, were referred from [31], [76]. Each floating bowtie antenna com-
posed of a SiO, substrate and two SiO, posts (height of 180 nm) and Al bowties. The Al
bowties have the triangle shapes (width of 105 nm, thickness of 40 nm) and composed of a 4
nm thick native Al,O3 oxide layer on top and 4 nm thick Cr adhesive stack layer underneath.
To mimic the real structures, the triangular truncations were placed at the corners of the tri-
angles. The periodic boundary and grid size conditions were optimized to simulate for a
structure with an infinite geometry and capability of resolving the dielectric property of the

ultrathin material layers.

Figure 3.7a shows the simulated extinction spectra of Al bowtie with parallel excitation mode
(for different gaps size of 10, 20, 30 nm) or perpendicular excitations (for 10 nm gap). The
parallel (to the bowtie axis) shows that the resonance of Al bowtie is located at around 520
nm and it is blue-shifted when the gap size increased. The perpendicular spectrum shows a
tail of a possible resonance from the UV-range towards visible wavelength. In comparison to
the scattering spectrum measured on a single bowtie, presented in Fig. 3.4b, the simulated
spectrum indicated a single peak, located closely to the main measured peak (565 nm). How-
ever, the simulation could not retrieve the second - shadow like - peak at 650 nm. This dis-
crepancy could be assigned to the fact the freestanding architecture of the bowtie antenna re-
sults in a relatively strong far-field interaction that could be seen only by far-field scattering
experiments as shown in Fig. 3.4b-c and Fig. 3.4d, not the near-field simulations[74]. Figure
3.7b shows the electric field distribution of Al bowtie under excitation at 532 nm with per-

pendicular polarization. In this case, the excited hot-spot is located at the corners of each tri-
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angles and the field enhancement was found to be about E, /E,, =7 where E, and E,, are

the amplitudes of the enhanced and incident electric fields, respectively. Figures 3.7c-d show
the electric field distribution under the excitation at 532 nm with parallel polarization, side-
view (Fig. 3.7¢) and top-view (Fig. 3.7d). The electromagnetic field is mainly comfined at the
nanogap of the bowtie antenna. The enhanced area is homogeneously distributed over the gap

and the enhancement factor is calculated to be about E,/E,, =58, is much more stronger

compared to perpendicular excitation. It is consistent with the SERS results as discussed
above where the SERS signal intensity under parallel excitation is stronger than that of per-

pendicular excitation.

3.2.3. Conclusion of plasmonic aluminum nanoantennas

In summary, we have investigated optical properties of plasmonic bowtie antenna. The float-
ing and non-floating gold bowtie antennas designed for 785 nm resonance were studied using
RCWR and FDTD simulations. A design for 532 nm resonance of floating Al bowtie antenna
were carried out and carefully characterized by dark-field and SERS spectroscopies. Despite
of having a natural oxide Al,O3 layer, the floating Al bowties showed the SERS effect owing
to the enhancement of Raman signals in the strongly confined electromagnetic field locating
inside the nanogaps. This work puts another step towards the application of aluminum bowtie

antenna in plasmonic sensing.

3.3. In situ chemical synthesis of random gold nano-islands and patchy gold nano-

shell for in situ SEIRA spectroscopy

The discovery SEIRA as the analogue of SERS has gained much interest in the field of the
surface-enhanced vibrational spectroscopy in the past decades[21], [22]. The vibrational sig-

nals of the individual molecules substrate are proportionally related to amount of molecules
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supported by SEIRA substrate [25]. This means the suitability of SEIRA spectroscopy for
quantitative analysis in order to detect trace amount of the molecules as well as detailed mo-
lecular structural information in a label-free fashion. Especially the in situ monitoring of mol-
ecule in the presence of water, SEIRA can directly targets the molecules adsorbed on plas-
monic surface, resulting in a highly enhancement of the signal to noise ratio (molecules sig-

nals to background signal of liquid water).

Among the in situ SEIRA techniques, the ATR configuration supported by IR plasmonic
structures can support very high sensitivity in real time of the evolution and interaction of the
bio-molecules network. An IR plasmonic antennas with resonance frequency matching to the
molecular vibrations can be fabricated using nanolithography techniques[24]. However, this
is expensive and time-consuming. Recently, Au-islands film fabricated by in situ chemical

deposition is a simple, cost-effective and less time consuming technique[25], [77], [54].

In this study we investigated the optical properties of Au nano-island films and gold patchy
nanospheres at various stages of morphological development by both in situ IR spectroscopy
and ex situ scanning electron microscopy (SEM) to clarify their applicability for high-
sensitivity SEIRA analysis. The optical properties as the broadband background development
and that of certain vibrational lines are discussed in detail based on IR spectra measured dur-
ing the wet-chemical deposition of Au films onto Si or SiO, spheres. The strong correlation
between SEIRA activity and Au nano-islands and Au-patchy nanoshells morphology are
proven for vibrational spectra of self-assembled monolayers (SAMs) of bovine serum albu-
min (BSA) or glutathione (GSH) probe molecules on the Au surface of Au-island or Au-

patchy nanoshells, respectively.
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3.3.1. Insitu FTIR-controlled growth of gold nano-islands for SEIRA

Au films on the Si ATR crystal were prepared by wet-chemical deposition using surface-
deposited spherical Au nanoparticles as seeds[77]. In detail, we firstly prepared spherical
AuNPs with diameter of 15 £ 1 nm using the citrate reduction method introduced by Tur-
kevitch and Stevenson and further developed by Frens[25], [77]. The Si-ATR crystal was al-
so treated with an SAM layer of (aminopropyl) triethoxysilane (APTES)/methanol solution
(10% APTES/methanol solution for 1 hour). Then AuNPs was deposited at the center of the
planar probe surface of Si-ATR by placing a 150ml droplet of AuNPs suspension (at room
temperature). After 1 hour, the suspension was removed by decanting the droplet and rinsing
the surface with water to remove unbound AuNPs. This treatment was previously shown to
ensure sub monolayer coverage of AuNPs on the surface of ATR crystal. The AuNPs sub-
monolayer was exposed to Au**/NH,OH solution [0.3 mM HAuCI4 (Aldrich) and 0.4 mM
NH2OH in water at room temperature] at a constant flow of 3 ml/min using a micro pump.
This condition allows the film to grow and become percolated at around 240 s. During the
film preparation in situ ATR-IR spectra were measured (see discussion of spectra below).
The Au deposition was stopped by replacing the Au**/NH,OH solution with pure water as
soon as a certain stage of the reflectance spectrum was reached. The growth of each film was
stopped at a different stage of the ATR spectrum (i.e. after different deposition times), result-
ing in different morphological states for each film. Except a few minor deviations, these dif-
ferent states (1) to (4) (as deposited AuNPs, agglomerated Au nano-islands, coalesced Au
nano-islands with plasmonic gaps, and connected islands with gaps, nearly closed film) could
be prepared in a reproducible way with desired optical characteristics with this method and
using our custom-made ATR liquid flow cell (polytetrafluoroethylene - PTFE) flow cell,

which we tested several times.
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Figure 3.8. In situ growth of random gold nano-islands with multiple gaps (hot-spots) for
SEIRA application. (a) Schematic illustration of a SEIRA substrate using Au-islands with
multiples hot-spots on Si crystal under ATR configuration. (b) Evolution of vibrational
signals from water during the growth of Au-islands indicating the plasmon resonance re-
sponded to IR range when the size of AuNPs increased. (c) SEM images show the evolu-
tion of Au-islands corresponded to the enhancement of vibrational signals of water. The

scale bar is 200 nm.

During the process of deposition of Au on the pre-adsorbed AuNPs on the ATR crystal, the
Au-nanoparticle distribution, the size and shape of the nanoparticles, and their interaction
(electromagnetic coupling) change. This morphological development causes drastic changes
of the electromagnetic field at the gaps of Au nano-islands on the ATR active surface. Figure
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3.8a describes the experiment setup of the in situ SEIRA spectroscopy. Figure 3.8b schemati-
cally illustrates four different stages of the forming of plasmonic nanogaps corresponded to
their enhancements on the vibrational signals of water, where stage (1) is the virgin AuNPs
(as deposited of AuNPs) with the IR spectrum was taken as the background. The enhancent
of vibrational signals of water by forming of Au nano-islands from states (2)-(4) are shown in
Fig. 3.8b, and the coressponded Au nano-islands were confirm by SEM as shown in Fig. 3.8c.
It was found that, by increasing the size of Au inslands, the vibrational signals of water,
including a bending mode located at 1640 cm™, a combination of bending and libration mode
located at 2128 cm™, and a combination of symmetric stretch mode and overtone of bending
mode located at around 3360 cm™, were increased due to the plasmon-enhanced near field
responded to IR range. The vibration signals of water are maximum when the Au-islands are
grown after 140 second at state (3), where the Au film are formed as coalesced Au nano-
islands with plasmonic nanogaps. However, the vibration signals were then sligtly dicreased
when increase the deposition time up to 240 second as state (4). In this state, Au-islands are
formed like percolated film, reducing the localized suface plasmon density. The Au-islands
can be connected completely to form Au planar film with no localized surface plasmon
resonance. Therefore, the Au nano-islands were optimized to sate (3), where the enhancement

is maximum.

The Au nano-islands based IR plasmonic nanogaps were used as a SEIRA substrate for in
situ molecular sensing. A sensing of bovine serum albumin (BSA) molecule dissolved in wa-
ter was systematically evaluated with different concentrations ranged from 3 pM to 300 nM.
As results shown in Fig. 3.9a, the vibrational signals of BSA with two highest bands named
amide-1 at 1648 cm™ and amide-11 at 1536 cm™ are detected even at very low concentration.
The sensitivity of the Au nano-island with multiple plasmonic nanogaps based SEIRA is

down to sub picomolar. To elucidate the field enhancement of the SEIRA substrate, the elec-
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tric field distribution of Au nano-island formed plasmonic nanogaps was performed using
FDTD simulation with simulation model imported from corresponded SEM images (Fig. 3.9
b). As shown in Fig. 3.9c-d, the hot-spots are located at the gaps of Au-island arrays with
strong near-field enhancement of 20 folds under IR (2000 cm™) excitation, making the poten-

tial application in the in situ molecular sensing.
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Figure 3.9. (a) Vibrational signals of BSA molecules adsorbed on Au-islands show high
sensitivity of the Au nano-islands based SEIRA substrate (sub pico-molar). (b) SEM im-
age of Au-islands with multiples gaps. (¢) Corresponding multiple near-field hot-spot lo-
cated at the gaps under IR excitation (2000 cm™). (d) A cross-section view of electric
field distribution of Au-islands.

3.3.2. In situ chemical synthesis of plasmonic Au-patchy nanoshells for SEIRA

Au-nanoshell, a plasmonic nanoshell structure, is consisting of a dielectric core which is cov-
ered by an Au shell with nanometer thickness[78]. By varying the relative dimensions of the
core and shell, the optical resonance of these plasmonic particles can cover a wide-range
wavelength from VIS to IR regions. Because of its unique plasmonic properties, Au-
nanoshell has been used in many nano-bio spectroscopic applications such as SERS[79], sur-
face-enhanced fluorescence (SEF) [80], SEIRA[81]. However, the use of Au-nanoshell for

near-field enhancement is mostly devoted to the near-field enhancement on the surfaces or in
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the gaps between nanoshells. By contrast, we focus not only on the gaps between Au-
nanoshells but also on the gaps between Au-islands of the Au-patchy shell layer, which can

produce a large number of the internal hot-spots.

In previous subsection, the in situ chemical synthesis of random Au-islands based plasmonic
nanogaps for SEIRA application was introduced. Here, we demonstrate another plasmonic
nanogaps structure composed of Au-patchy on SiO, nanospheres, which also can provide a
three dimensional multiple plasmonic nanogaps for in situ SEIRA spectroscopy application.
Each individual nanoparticle contains multiple nanogaps where the electric field is highly
concentrated and amplified under broadband excitation from near to middle infrared (IR).
These IR-active plasmonic structures show high sensitivity in sensing the vibrations of bio-
molecules. Furthermore, we demonstrate our in situ SEIRA study on the detection of trace
amount of mercury ion down to nM level in water by studying the relevant conformational
changes of glutathione (GSH) molecules, which is induced by the adsorption of mercury ions.
In addition, this structure also showed large SERS enhancement on methylene blue molecules
under NIR laser excitation of 785 nm. Hence, we propose that the ensemble of plasmonic Au-
patchy nanoparticles with multiple hot-spots and facile synthesis method can be another

promising candidate for plasmonic biosensor applications.

3.3.2.1. Insitu synthesis of plasmonic Au-patchy SiO, core-shell particles

We approached the present method on the in situ controlled growth of plasmonic Au-patchy
SiO, core-shell particles on Si-ATR crystal for SEIRA application. Firstly, we prepared
AUNPs-SIO, particles as the seeds for growing plasmonic Au-patchy SiO, core-shell array.
The seeds particles were prepared by “seeds and growth” method using silica core with diam-
eter of 180 nm synthesized by Stober route[82]. Silica particles suspended in water with di-

ameter of 180 nm synthesized by Stober route were functioned with amine groups by reaction
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with APTES. A 1 ml of APTES-functionalized silica NPs were then added to 3 ml of AuNPs
(1-2 nm) solution, which is prepared by modified Duff method as a shell layer on SiO;
core[82]. Gold NPs adsorb to the amine groups on the silica NPs surface, resulting in a APT-
ES functionalized silica NP decorated with discrete of small gold NPs, called the ‘seeds’ par-
ticles. A 5-10 nm AuNPs shell layer was then grown on these ‘seeds’ via the electroless gold

plating process by using gold plating solution in the presence of formaldehyde.
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Figure 3.10. In situ growth of Au-patchy SiO, core-shell particles on Si-ATR substrate
for SEIRA. (2)-(c) Schematic illustrates the growing process. (d) Evolution of vibrational

signals from water corresponded to the evolution of Au-islands on SiO, particle.

The AuNPs-SiO, seeds were then formed a sub monolayer on Si-ATR crystal. Firstly, a SAM
of APTES was formed on Si-ATR crystal by immersing the cleaned Si-ATR in 10% APTES-
methanol solution for 1 hour. The APTES-functionalized Si-ATR was then cleaned in metha-
nol under a pulse sonication for 5 min to remove any exceed molecules. A 200ul droplet of

AUNPs-SiO, seeds suspension was then deposited at centre of the planar probe surface of the

55



APTES-functionalized Si-ATR crystal. After one hour, the AuNPs-SiO, seeds adsorbed on
Si-ATR crystal was rinse 3 times by distilled water to remove the exceed nanoseeds, and a

sub monolayer AuNPs-SiO, seeds was finally formed on Si-ATR crystal surface.

Figure 3.11. SEM image of Au-patchy SiO, core-shell particles. (a) Before growth. (b)
After growth for 60 second. (c) Final growth (200 second).

The in situ FTIR controlled growth of the plasmonic Au-patchy SiO, core-shell particles are
demonstrated in Fig. 3.10, including the growth process (Fig. 3.10a-c) and the monitoring of
water vibrations as evolution of Au-patchy shells (Fig. 3.10d). Firstly, the AuNPs-SiO,/Si-
ATR crystal was set into a custom made PTFE flow-cell in a FTIR spectrometer (Thermo
Nicolet Nexus 670 FT-IR spectrometer, KBr beam splitter, MCT detector). Distilled water
was pumped into flow-cell for 2 min to remove any contaminations using a micro-pump with
a constant flow rate of 3 ml/min. The reflectance signal from water was set as the background
for in situ growth process as shown in state (1) (Fig. 3.10a). A mixed tetrachloroauric acid
trihydrate (HAuCl;.3H,0, 99.9 %) (0.3 mM) and NH,OH (0.4 mM) solution was then
pumped into flow-cell as the precursor solution for growing the Au-patchy shell layer via

electroless gold plating process. Similar to the in situ growth process of random Au nano-
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islands, the vibrational signals from water were enhanced during the evolution of Au shell
layer on SiO, core particles as shown in states (2) (Fig. 3.10b) and (3) (Fig. 3.10c), which is
due to the near-field enhancement induced by hot-spots between gold nano-islands on SiO,
spheres surface. Similar to the growth of random Au nano-islands, the Au-patchy nanoshells
are optimized to state (3) (Fig. 3.10c) at growth time of 200 second with a highest enhance-
ment. Beside the in situ controlled growth of Au-patchy nanoshells by in situ FTIR spectros-
copy, the ex situ SEM was also employed to confirm the morphology of Au-patchy
nanoshells as shown in Fig. 3.11. The SEM images of the functioned SiO; particles with Au
seeds mono-dispersed on Si-ATR crystal, after growth for 60 second, and after growth for
200 second are shown in Fig. 3.11a-c, respectively. It was found that, after growth for 200
seconds, the Au-patchy shell layer has a thick ness of about 20 - 30 nm, and the gaps between

Au-islands were 5-10 nm.
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Figure 3.12. (a) Relative reflectance signal at 3200 cm™ of water vibration (combination
of symmetric stretch mode and overtone of bending mode) by growth time of Au-patchy
shell layer. (b) Simulated the enhancement of water vibrations induced by near-field

plasmon enhancement of Au-patchy SiO, core-shell particles.

The evolution of Au-patchy shells is summarized by taking the reflectance of vibrational sig-
nal at 3200 cm™ (combination of the symmetric stretch mode and overtone of bending mode)

as shown in Fig. 3.12a. As seen that the intensity of the vibration signal is saturated when the
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Au-patchy shells grown after 170 second. We further performed RCWA numerical simula-
tion to investigate the enhancement effect of the Au-patchy SiO, hybrid. As shown in Fig.
3.12Db, by normalizing the vibrational signals of water using Au-patchy shells to bare Si-ATR
crystal, the enhancement is clearly seen in the Au-patchy shells compared to bare Si-ATR

substrate.

The Au-shells were then applied for in situ vibrational sensing. The sensing of glutathione
molecule and the detection of toxic mercury ions at low concentration will be present in the

next parts.
3.3.2.2. Insitu SEIRA using Au-patchy nanoshells array

The L-glutathione reduced (y-Glu-Cys-Gly, GSH) (Sigma—Aldrich) molecule was first dis-
solved in distilled water with variety of concentrations. A 5 ml of GSH molecule solution was
then inserted into PTFE flow-cell of Au-patchy nanoshellss/ATR at a slow rate of 0.5
ml/second. Due to the binding of thiols group (-S-, deprotonated state) on Au with negative
surface charges, the GSH molecules were then adsorbed on Au surface as well as at the Au
gaps, which can be excited as the extreme hot-spots to enhance vibrations of GSH. As seen in
Fig. 3.13a, the vibrational signals of GSH, beside two strong bands related to amide-I band
(1640 cm™) and amide-11 band (1536 cm™), the carboxylic acid vibrations v(-COOH) (1724
cm™) and the symmetric vs(-COO-) (1404 cm™) and asymmetric va(-COO-) (1593 cm™)
stretching vibrations related deprotonated states of carboxylic acid are also observed. The vi-
brational signals are gradually increased when increase concentration of the GSH molecule. It
was found that, the sensitivity detection of GSH molecule using Au-patchy nanoshells can be

down at low concentration of 0.1 pM.
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Figure 3.13. (a) In situ FTIR sensing of glutathione (GSH) molecules using Au-patchy
SiO, core-shell particles as SEIRA substrate. (b) In situ FTIR detection of mercury ions
in water using GSH-functioned Au-patchy SiO, core-shell by monitoring the relevant
conformational changes of GSH vibrations when mercury ions adsorbed into GSH mole-

cules.

The GSH molecule is well-known as a treatment molecule of mercuric toxicity[83]. As a re-
sult of the specific binding of mercury ion to GSH by (-COO-Hg-OOC-) bridge, the GSH
molecule can also be used as a linker molecule in the detection of Hg ions[83]-[86]. In this
study, the in situ detection of mercury ions in water was performed using Au-patchy SiO;
plasmonic hybrid as SEIRA substrate and GSH as linker molecule. The sensing mechanism is
described as following. The GSH molecules adsorbed on Au nano-islands on Au-patchy

nanoshells/Si-ATR after rinsed by distilled water to remove any unbounded molecules was
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then taken as a back ground spectra. Now any conformal and intensity changes of the vibra-
tional signals of GSH can be detected by monitoring the IR spectra. A 5 ml of diluted Hg?*
ions (HgCl,) in water with variety concentrations were inserted in to GSH treated Au-patchy
shells/Si-ATR at a rate of 0.5ml/second, and keep until the adsorption of toxic ions is saturate.
It was found that, the Hg®" ions are immediately captured by GSH molecules within few sec-
onds, it make the fast response in the detection of Hg?* ions. The conformal and intensity
changes of GSH vibrations were detected due to the adsorption of Hg** ions to GSH by (-
COO-Hg-00C-) binding as shown in Fig. 3.13 b. As seen that, due to the binding of Hg**
ions with GSH molecules, the relative reflectance peaks of GSH at 1724 cm™, 1672 cm™,
1512 cm™, 1404 cm™ and 1232 cm™ are systematically decreased depending on the concen-
tration of Hg?* ions, while the peak at 1593 cm™ is increased. These changes were not ob-

served from the water without Hg®* ions.
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Figure 3.14. (a) Evolution of relevant conformal changes of GSH vibrations induced by
adsorption of mercury ions into GHS molecules. (b) Model for mercury ions adsorb into

GSH molecules.

Figure 3.14a plots the relation absolute intensity of the conformal change of GSH molecules
adsorbed Hg?* ions for three peaks at 1724 cm™, 1672 cm™, and 1593 cm™. Figure 3.14 illus-

trates the binding mechanism between GSH molecules with Hg?* ions. Using this Au-patchy

60



SiO; hybrid with multiple gaps for in situ SEIRA, the sensitivity in the detection of mercury

ions in water was found to be 1 nM.

3.3.2.3. SERS study on Au-patchy SiO, core-shell
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Figure 3.15. (a) SEM image of Au-patchy SiO, core-shell particles. (b) Dark-field scatter-
ing spectrum of Au-patchy shells with resonance peak located at around 780 nm. SERS
study of MB adsorbed on Au-patchy shells (c) SERS mapping image (integrated at 1618
cm’, excited by 785 nm laser) and (d) Comparison between SERS spectra excited by 785
nm (red) and 532 nm (blue) lasers.

Because the nano-islands have random size ranging from few tens to several hundred na-
nometers, the Au-patchy SiO, hybrid can provide a broad resonance from NIR to IR ranges.
Therefore, Au-patchy nanoshells with multiple gaps can act as multiple hot-spots are ex-
pected to be a good candidate for SERS application. The Au-patchy nanoshells arrays grown
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by in situ chemical method were then applied for SERS experiment. Firstly, the dark-field
scattering spectrum of Au-patchy nanoshells were carried out using an optical microscope
(Raman microscope WITec alpha 300S, dark-field lens 50x, 0.55 NA, Zeiss) combined with
a white light source (halogen lamp, Lucir-LAHL100). Figure 3.15a shows an SEM image of
Au-patchy nanoshells arrays in which its dark-field spectrum has a broad resonance in NIR as
shown in Fig. 3.16b. The Au-patchy SiO; hybrid was then treated with methylene blue (MB)
molecule by shocking in a MB solution (0.5x10™° M in water) for 10 hour, and rinsed with
distilled water to remove any unbounded MB molecules. The SERS on the MB treated Au-
patchy shells was studied using two different continuous lasers, 532 nm and 785 nm at the
same power of 0.1 mW as results shown in Fig. 3.15d. As seen that, the SERS signal intensity
of MB adsorbed on Au-patchy shells in case excited by 785 nm laser is stronger than that of
the case excited by 532 nm laser, indicating the SERS active at 785 nm and it is consistent

with dark-field spectrum with resonance in NIR range.
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Figure 3.16. Electric field distributions of Au-patchy SiO, core-shells. (a) Au-SiO, core-
shells with completed Au shells layer (without gaps) under IR excitation (5 pum or 2000
cm™). Au-patchy SiO, particles: (b) Under IR excitation (5 pm or 2000 cm™), (c) Under
VIS excitation (532 nm). (d) Under NIR excitation (785 nm). The scale bar is 50 nm.

62



The simulated electric field distribution of Au-patchy nanoshells arrays were carried out for
both IR and NIR regions using FDTD simulation as results shown in Fig. 3.16. A comparison
of the electric field distributions between Au-shell (completed shell, Fig. 3.16a) and Au-
patchy shells (Fig. 3.16b) were performed under excitation at 5 um (2000 cm™). It is clearly
seen that, the Au-patchy shells show multiple hot-spots located between Au-islands on the
shell layer and between Au-patchy shells, while Au-completed shells show the hot-spot at
only the gaps between Au-shells. It makes an advantage of the Au-patchy shells compared to
Au-completed shells in SEIRA application. The field distribution of Au-patchy shells under
excitation at 532 nm and 785 nm were also simulated as results shown in Fig. 3.16c and Fig.
3.16d, respectively. As seen that, the hot-spots of enhanced electric near-field of Au-patchy

shells in case excited by 785 nm laser are stronger than that of 532 nm excitation.
3.3.3. Conclusion of plasmonic Au-patchy SiO, for SEIRA

The in situ chemical synthesis of Au nano-islands and their application for in situ SEIRA
spectroscopy were investigated. The method was applied for Au-patchy nanoshells, which
can provide three dimensional plasmonic nanogaps as the multiple hot-spots for vibrational
sensing application. The Au-patchy SiO, nanoshells hybrid with random Au-islands on shell
layer showed dual SEIRA and SERS active substrate due to its broad resonance. The in situ
sensing of GSH molecule as well as the in situ detection of mercury ions in water were stud-
ied on the Au-patchy nanoshells based SEIRA substrate with a high sensitivity of 1 nM. We
expect that the developed in situ SEIRA on Au-patchy nanoshells arrays can be a good can-

didate for the in situ vibrational sensing application.
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3.4. Summary of Chapter 3

We have investigated the use of plasmonic nanogaps hybrids for molecular sensing applica-
tion, including the SERS and SEIRA. Floating aluminum bowtie antenna array was designed
as the SERS active antenna for 532 nm excitation. The optical properties of Al bowtie were
studied using both electromagnetic simulation and dark-field scattering spectroscopy. The
fabricated Al bowtie antenna showed strong near-field enhancement at the gaps of bowtie
antenna under excitation at 532 nm, provided a good candidate for SERS study at 532 nm
excitation as well as the SERS imaging spectroscopy in the molecular sensing. An in situ
SEIRA spectroscopy on Au-patchy nanoshells with multiple plasmonic nanogaps was devel-
oped and studied. The Au-patchy nanoshells showed high performance in situ molecular
sensing and detection of mercury ions at low level of 1 nM. In addition, the Au-patchy
nanoshells also can act as a NIR-active SERS substrate, provided a plasmonic substrate for

dual SERS and SEIRA spectroscopy.
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4. METAL OXIDE SEMICONDUCTORS FOR PHOTOELECTRIC CONVERSION

AND PLASMONIC NANO-HYBRID FOR EFFICIENT PHOTOCATALYSTS

We have proposed two plasmonic hybrids with strong near-field confinement at the plas-
monic nanogaps for sensing applications, including Al bowties for SERS and Au-patchy
nanoshells for SEIRA. The combination of plasmonic materials with metal-oxide semicon-
ductor can also provide an efficient absorption of the light in photoelectric conversion. In this
chapter, we demonstrate the application of metal-oxide semiconductor nanostructure and its
coupling with localized plasmonic nanoparticle for efficient photocatalyst. The first section
introduces the chemical synthesis of metal oxide ZnO nanowires and TiO; thin film. The sec-
ond section presents a combination of ZnO NWs and TiO; in a core-shell p-n heterojunction
for application in UV photodetector. And in the third section, we investigate the coupling of

localized plasmonic NPs with ZnO in NPs-ZnO NWs hybrid for efficient photocatalysts.

4.1. ZnO NWs and TiO;, film: Chemical synthesis and characterizations

4.1.1. Metal-oxide ZnO and TiO, nanostructures

Metal oxide semiconductors have great potential for many applications such as in the field of
electronics, optoelectronics, and light-harvesting devices because they are inexpensive com-
pared to silicon and metal nitride. Recently, there have been a great deal of interest in oxide
based nanomaterials such as ZnO, TiO,, CuO,/Cu,0O and so on because of the availabil-
ity/possibility of soft chemical synthesis besides tremendous application potential. Among
them, ZnO nanostructure has been considered as a promising material for optoelectronic de-
vices. ZnO nanostructure includes highly ordered nanowire arrays, tower-like structures, na-
norods, nanobelts, nanosprings, nanocombs, and nanorings[87], [88]. ZnO nanowires (NWSs),

one-dimensional nanostructures with high surface-volume ratio, have shown an efficient light
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absorption and charge separation. With the direct bandgap energy in near ultraviolet (3.37
eV)[87], [89] range and high quantum efficiency make ZnO nanostructure an excellent can-
didate for many applications such as solar cell[90], UV photodetector[91], [92], UV laser[93],
[94], piezoelectric generators[6] and photocatalyst[95], [96]. Similar to ZnO, TiO; is a large
bandgap semiconductor that is commonly investigated in rutile (bandgap 3.0 eV) and anatase
(bandgap 3.2 eV)[97]. In this work, by using wet chemical fabrication process, we aim to fab-
ricate a large-area ZnO NWs array as well as core shell TiO,/ZnO NWs, and especially, inte-
grating ZnO NWs with plasmonic nanoantenna for the efficient photoelectric conversion de-

vices.

4.1.2. Chemical synthesis of ZnO NWs and TiO, thin film

4.1.2.1. Hydrothermal growth and characterizations of ZnO NWs

Figure 4.1. Schematic of the hydrothermal growth of ZnO NWs
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The ZnO NWs array was synthesized on ITO-glass substrates by hydrothermal method[98],
this has been proven to be a simple and efficient method. Figure 4.1 illustrates the fabrication
process of ZnO NWs. First, the ITO-glass was cleaned thoroughly one time in acetone, two
times in ethanol and one time in de-ionized water (5 min for each time), and subsequently
dried with N, gas (Fig. 4.1a). A ZnO seeds layer was then prepared on top of the ITO-glass
substrate (Fig. 4.1b). The mixed solution of zinc acetate dihydrate [Zn(C,;H30,),.2H,0] (0.3
M) and monoethanolamine (MEA) solution (0.3 M) in ethanol was coated onto ITO-glass
substrate three times by spin-coating at 3000 rpm for 30s. The ZnO seeds layer was the dried
at room temperature and annealed in ambient air at 300 °C for one hour. For the growth of
ZnO NWs, a mixed aqueous solution of zinc nitrate hexahydrate [Zn(NO3),.6H,QO] (0.03 M),
hexamethylenetetramine [(CH2)sN4, HMT] (0.03 M) and polyethylenimine (PEI) (0.003 M)
was prepared. The ZnO seeds coated substrates was dip into this solution and stirred at 68 'C
for 3 hours. The fabricated ZnO NWs array (Fig. 4.1c) was then washed in de-ionized water,

ethanol and then thermally treated (write treating procedure) in ambient air.

Figure 4.2 presents the structure and morphology characterizations of a typical fabricated ZnO
NWs. Figure 4.2a shows an SEM image of the ZnO seeds formed onto ITO-glass substrate.
Figures 4.2b-c show the top-view, tilted-view, and cross-sectional SEM images of the typical
ZnO NWS grown by present hydrothermal method. The ZnO NWs in the array are growing
nearly vertically on the ITO glass substrate with an average diameter of 50 nm, average length
of 0.8-1pm, and wire density of 2.10% cm™. A high-resolution TEM image of a single ZnO
NW (Fig. 4.1e) shows very high crystalline quality of ZnO NW with [0001] growth orienta-
tion. Figure 4.1f shows the XRD patterns (XRD, Rigaku Rint 2000, Cu K,) of the ZnO NWs
on ITO substrate (red curve) and a comparison with bare ITO substrate (black curve), these

exhibiting ZnO diffraction peaks are in good agreement with the JCPDS card No. 36-1451 of
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bulk ZnO with hexagonal wurtzite structure. In addition, a strong peak at 34.39° of ZnO (002)

plane shows that the nanowires are well oriented and high crystalline quality.
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Figure 4.2. Structure and morphology characterization of ZnO NWs fabricated by hydro-
thermal method. (a) SEM image of ZnO nanoseeds formed by spin-coating and annealing
processes. (b) Top-view, (c) Tiled-view and (d) Cross-sectional SEM images of typical
ZnO NWs with averaged diameter of 50 nm and length of about 0.8 — 1 um. (c) HR-TEM
image of a single ZnO NW with [0001] growth orientation. Inset shows SAED of the
ZnO NWs. (f) XRD patterns of single crystal ZnO NWs on ITO-glass substrate and bare
ITO-glass.

The vibrational spectroscopy of ZnO NWs were carried out using FTIR (Nicolet ISS0R-FTIR,
DTGS-ATR detector and KBr beam splitter) and Raman (Micro Raman Witec Alpha 300S)
spectrometers as shown in Fig. 4.3. The FTIR spectra of ZnO NWs was taken from a ZnO
NWs array fabricated on a Si (111) substrate as result shown in Fig. 4.3a with the a strong
band of Zn-O stretching vibrational located at 400 cm™. Figure 4.3b shows Raman spectra of
ZnO NWs with strong peaks located at 99 cm™, 332 cm™, 437 cm™, 481 cm™, and 572 cm™,

which are related to E,;, multiphoton, Ez,, 2LA and A;(LO) modes[99], [100].

68



100 25- " (E, high)
90 (a) (b) 5
§ 80 —7ZnO NWs & i 201 —ZnO NWs
b g N -
$_== 701 5 8 15 § (E, low)
'E 601 - " 2 10
2 50 : g
E §‘TE *E 54
&' 40_ o —
=]
30 L) L) L) l3 L) L) 0- L) L} L) L) L) L)
100 200 300 400 500 600 700 100 200 300 400 500 600 700
Wavenumber [ch] Raman shift [ch]
Figure 4.3. FTIR (a) and Raman (b) spectra of ZnO NWs.
BN (@ L0} (b) — ZnO NWs
. h - X7 0
2.0 — ZnONWs| 2 0.8 ZnO NWs @400°C
=
2 1.54 % 0.6
g g
£ 1.0 = 0.4
@ -
2 :
0.5 = 0.2-
oL
15
0.0 2 0.0
400 500 600 700 800 400 S00 o600 700 800
Wavelength [nm] Wavelength [nm]

Figure 4.4. (a) Absorption and (b) Photoluminescence spectra of ZnO NWs.

Optical properties of the ZnO NWs were characterized by UV-VIS spectrometer (Jasco V-
570) and the fluorescence microscope (Horiba Jobin-yvon, 325 nm He-Cd excitation laser
source). Figure 4.4a shows the absorbance of ZnO NWs with strong absorption peak at 365
nm related to band gap absorption of ZnO. Figure 4.4b shows the photoluminescence spectra
of ZnO NWs with (red curve) and without (black curve) thermal treatment at 400 °C. Beside
the band-edge emission at 384 nm, we observed a broad visible emission around 560nm
mainly originated from the surface oxygen vacancies, or from other defect such as oxygen
interstitials and zinc vacancies[89], [101]-[104] known as deep donors. However, the visible

emission was significantly reduced after the thermal treatment process (red curve in Fig.

69



4.4b). This reduction can be attributed to the transformation of the ZnO deep levels into shal-

low donor levels by the thermal annealing process[102], [105].
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Figure 4.5. (a) SEM and TEM (insets) images of ZnO nanowires and nanosheets and (b)

Their photoluminescence properties.

We also further investigate the optical properties of ZnO nanostructures through patterned
selective ZnO nanowires- nanosheets (NWs-NShs) array. Figure 4.5a presents an SEM image
of the ZnO NWs-NShs grown on an ITO-glass substrate using colloidal lithography method.
First, polystyrene spheres (PS, Polybead® Polystyrene Microspheres - Polysciences) with
diameter of 4.4 um were chosen as the original lithography mask to create the patterned Al
holes array. A monolayer of PS spheres was prepared on top of the ZnO seeds grown on ITO-
glass substrates. The reactive ion etching using O, gas (RIE) was employed to shrink the size
of PS with an etching rate of 3.1 nm/ second. The designed lithography masks with different
sizes were obtained by controlling the etching time. Then an Al film of 50 nm was deposited
on the etched PS arrays using electron beam deposition. The patterned ZnO seeds layer was
achieved by removing the etched PS arrays. Finally, the partnered ZnO NWs-NShs array was
growth using present hydrothermal method where ZnO NWs is grown inside Al holes mask
and ZnO Shs is grown on top of Al film (SEM image in Fig. 4.5a). Figure 4.5b shows the dif-

ferent photoluminescence property of the ZnO NWs (blue) and ZnO NShs (red). It could be
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originated from the different morphology of these two ZnO nanostructures. ZnO NWs is one
dimensional structure with high crystallinity (TEM image in the inset of Fig. 4.5a) showing a
strong band-edge emission (384 nm) and a weak defect emission (590 nm), which defect
emission is mainly contributed by oxygen vacancies defect[89], [103], [104], [106]. In con-
trast, the ZnO NShs is two dimensional structure with low crystallinity (TEM image in the
inset of Fig. 4.5a) showing a strong broad green band centered at 547 nm, which emission is
mainly contributed by zinc vacancies defect[89], [103], [104], [107], while it shows a weak

band-edge emission around 400 nm.

4.1.2.2. Cr —doped TiO, thin film prepared by sol-gel method

Similar to ZnO, anatase titanium oxide (TiO,) semiconductor is also active in UV with indi-
rect band gap of 3.2 eV[108] and p-type TiO,-based materials can be prepared by doping
with Fe[109], Mn[110], Cr[111]. This present work demonstrates the fabrication and charac-
terization of the p-type Cr —doped TiO, thin film. A sol—gel technique was used to synthesize
Cr-doped TiO; thin films[112]. To synthesize pristine TiO, and Cr-doped TiO, thin film,
TiO, sol was prepared by hydrolysis of tetrabutoxide [Ti(O(C4Hy))s, Wako] as a precursor,
and Cr(NOs), was used as a Cr dopant source. Firstly, a variety solutions of Cr(NO3), x ()
dissolved in 1.71 ml ethanol (99.5 %) were stirred at room temperature for 1 hour, and then
Iml of Ti[O(C4Ho)]4 was added in to Cr(NOgz), solutions. In this work, x (g) values were 0,
0.035, 0.07, 0.14 to obtain Cr:Ti molar ratios of 0 (undoped), 0.03, 0.06 and 0.12. The mixed
solutions were diluted by adding a 3 ml of a mixed solution of 24 pl water, 5 ml ethanol and
26 pl HNO3, and then stirred continuously for 30 min at room temperature. A 70 nm estimat-
ed TiO, (Cr-doped TiO,) films was formed by spin-coating (3000 rpm, 30 second) of a 50 pl
TiO, (mixed Cr:TiO;) solution onto cleaned ITO-glass or Si substrates, after air-dried, the

coated film was then annealed at 450 °C in ambient air for 1 hour. It is noted that the thick-
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ness of the TiO, thin film can be tuned by changing the viscosity of the TiO, solution or spin-

coating rate.
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Figure 4.6. (a) XRD patterns and (b) FTIR spectra of Cr-doped TiO, thin films

The fabricated Cr-doped TiO, thin films were characterized by XRD and transmission FTIR
spectroscopies. The films used in these two spectroscopies were fabricated on Si (100) sub-
strates. Figure 4.6a presents the XRD patterns of the undoped and Cr-doped TiO; thin films.
As seen that, the XRD pattern of the undoped and Cr-doped TiO; films in cases of Cr:Ti con-
centration ratios of 0.03 and 0.06 show a strong diffraction peak at 25.8° and two weak peaks
at 36.9° and 48.2° indicating that these films were crystallized into anatase phase (JCPDS
card No. 84-1286), while the highest dopant TiO, film shows three peaks at 27.5°, 36.2° and
41.6° indicating the features of rultile phase (JCPDS card No. 88-1175). In addition to that,
the crystalline phases of the Cr-doped TiO; films were further confirmed by FTIR as shown
in Fig. 4.6b, while the undoped and two lower dopant Cr-TiO; thin films show two transverse
optical phonon bands of anatase film at 262 cm™ and 435 cm™[113], [114], the highest dopant

Cr-TiO, shows the absorption of rutile film at 222 cm™, 376 cm™and 503 cm™.
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Figure 4.7. (a) Top view and cross-sectional (inset) SEM images of TiO, thin film fabri-
cated on ITO-glass substrate. (b) Transmittance spectra of undoped and Cr-doped TiO,
thin films.

The fabricated thin films were further characterized by SEM and UV-VIS spectroscopy. Fig-
ure 4.7a shows top-view and cross-sectional SEM images of TiO, thin film fabricated on
ITO-glass substrate. It was found that the smooth TiO; film was formed on ITO-glass sub-
strate with thickness of 70 nm. The transmittances of the fabricated TiO; thin films (Fig.
4.7b) with different Cr dopant concentrations indicate the strong band gap absorption of TiO,
in UV region. In addition, the slightly absorptions at near band-edges were observe in Cr-
doped TiO; films, which are induced by deep-acceptor levels related to the Cr doping and
other defects in TiO; thin film. It is noted that the valleys located at 360 nm, 440 nm and 700
nm are interference peaks induced by ITO film layer. Although Cr-doped TiO, is expected to
be a p-type semiconductor since the Ti** ions are replaced by Cr®* ions, but it might also in-
duce the deep-acceptors by heavy doping with Cr due to the excitation of 3d electron of Cr**
to the conduction band of TiO,[111], [112]. Therefore, a sufficient Cr dopant concentration is

considered in the applications required p-type conducting materials.
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4.2. Cr-doped TiO,-ZnO core-shell p-n junction array for high sensitivity ultraviolet

photodetector

This section demonstrates the combination of n-type ZnO NWs and p-type Cr-doped TiO2 in
order to fabricate p-n junction photodetector[115]. This p-n heterojunction with core-shell
structure nanowires array consists of n-type ZnO NWs as a core covered by a Cr-doped p-
type TiO; shell. ZnO NWs arrays were grown on a transparent indium tin oxide (ITO) coated
on glass substrate by hydrothermal method. The Cr-doped p-type TiO,, was prepared by sol-
gel method with optimal condition of Cr-doping concentration[112]. This p-TiO2/n-ZnO het-
erojunction device operates as an array of parallel p-n diodes with ideality factor of ~2.45,
revealing the excellent quality of the fabricated p-n junction. Towards the photodetector ap-
plication, this device is proved to be extremely sensitive in UV and blind in the infrared and
visible regions, providing a great promise for the UV sensitive photodiode applications. Un-
der UV illumination at 373 nm with incident power of 104 uW, it shows a switch current ra-

tio of 140 and a responsivity as large as 250 A/W at 5V reverse bias.

4.2.1. ZnO NWs based UV photodetector

Zinc oxide (ZnO) has been considered as a promising material for optoelectronic devices.
The bandgap energy of 3.37 eV (at room temperature) and high quantum efficiency make this
material an excellent candidate for ultra-violet (UV) photodiode since 1980s[116]. ZnO nan-
owires (NWs), one-dimensional nanostructures with high surface-volume ratio, have shown
great potentials in UV sensitive photodiode application. There have previously been reported
on two main junction nanostructures of UV photodiode based on ZnO nanowire, including
metal-semiconductor (ZnO)-metal (MSM)[91], [92], [117]-[119] and p-n junction[120]-
[124]. The MSM-based ZnO nanowire photodiode offers a fast response, but high dark cur-

rent and requires applied-bias[91]-[93]. Comparing with MSM ZnO NWs photodiode, a p-n
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junction ZnO NWs photodiode not only offers a fast response, it has advantages of small dark
current and should be working without applied bias. Therefore, the p-n junction ZnO NWs

photodiode have been widely investigated in application of the UV photodetector.

ZnO has a n-type natural semiconducting behavior due to the presence of the shallow donor
levels[89], [103]-[105], [125], [126]. In order to fabricate p-n junction ZnO nWs photodiode,
several attempts have been paid to develop p-type materials such as by incorporating Al-N
co-doping (AZO:N) to obtain a large area p-n homojunction[120], or by using p-type polyani-
line in hybrid structure of double rod array p-n heterojunction[121]. In addition, the n-ZnO/p-
Si heterojunction have also been intensively considered as a promising structure[122]-[124].
However, for a commercially available device, the cost-effectiveness needs to be considered
in fabrication method. The simple chemical fabrication routes are attracting much interest
because they offer alternative way to fabricate p-n junctions on a complex nanomaterial with
perfect wettability and low cost, which should be taken into account in commercially availa-
ble[120]-[122]. Similar to ZnO, anatase titanium oxide (TiO,) is also a key and the most in-
teresting optoelectronic material. Otherwise, TiO; is also active in UV region with band gap
of 3.2 eV[108] and p-type TiO,-based materials can be prepared by doping with Fe[109][109],
Mn[110], Cr[111]. Therefore, p-TiO, is promising candidate to combine with n-ZnO in the p-
n heterojunction UV detector application. However, to obtain highest sensitivity of an UV
photodiode, the improvement of interface density of p-n junction is needed and the devices

can be able to work at high applied-bias.

Here we demonstrate on the fabrication of a core-shell p-n heterojunction architecture that is
composed of an n-type ZnO nanowire array chemically laminated by an ultrathin layer of p-
type Cr-doped TiO, shell. This core-shell nanowire architecture realizes a remarkably en-

hanced heterojunction area and can swiftly transport photoexcited carriers across a nanome-
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ter-thick TiO, lamination layer and single-crystalline ZnO NWs. The p-type TiO, was pre-
pared by a low-cost sol-gel process with small amount of Cr as p-type dopant, which yielded
complete coating of the ZnO surface by single-step spin-coating with very small thickness in
the range of 5 to 10 nm. This novel TCO heterojunction operates as an array of parallel di-
odes with large junction area and shows excellent rectifying characteristics. This device ex-
hibited extremely high sensitivity in the UV region larger than 250 A/W and perfectly insen-
sitive in the visible to infrared regions (i.e. IR-VIS blind). Under UV illumination at 373 nm,
it shows a switch current ratio of 140 at -5V bias and 104 pW incident power (shed onto the

0.1 cm? device), exhibiting a high potential for UV photodiode applications.

4.2.2. Cr-doped TiO,-ZnO core-shell nanowires array

Figure 4.8. Morphology characterization of Cr-doped TiO,/ZnO NWs core-shell. (a) Tilt-

ed-view SEM image of ZnO NWs array. (b) Cross-sectional SEM image of the Cr-doped
TiO,/ZnO NWs. (c) TEM image and (d) High-angle annular dark-field scanning TEM
and EDS elemental mapping of Zn, O, Ti and Cr of a single Cr-doped TiO,/ZnO NW.
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Figure 4.8a shows an SEM image of the ZnO NWs array after the hydrothermal growth on
indium tin oxide (ITO) coated glass substrate. The ZnO NWs in the array are growing nearly
vertically on the ITO glass substrate with an average diameter of 50 nm, average length of 1
um, and wire density of 2x10' cm™. Following the synthesis of the ZnO NWs array, Cr-
doped TiO, laminate was conformally coated onto the NWs array to form core-shell architec-
ture. Figure 4.8b shows the SEM image of the cross-section of the Cr-doped TiO,-ZnO NWs
p-n heterojunction array. It can clearly be seen that NWs array is uniformly coated by a thin
layer of TiO,. The structure was further examined by TEM that evidences a uniform TiO,
shell layer with a thickness in the range of 5 to 10 nm (Fig. 4.8c). Figure 4.8d presents a high-
angle annular dark-field scanning TEM image and EDX elemental mapping of Zn, O, Ti and
Cr of a single nanowire heterojucntion. It is clearly seen that the shell layer of TiO, is well-

formed on core ZnO NW with a uniform Cr doping and smooth morphology.
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Figure 4.9. (a) Photoluminescence spectra of pristine ZnO NWs (blue curve) and the ZnO
NWs covered by the Cr-doped TiO, laminate (red curve). (b) Absorbance spectra of the
ZnO NWs without (blue curve) and with (red curve) TiO, shell layer.

The optical property of the core-shell structure was examined by measuring the device prior
to the fabrication of Ag back contact-reflector (Fig. 4.9). Figure 4.9a presents the photolumi-

nescence (PL) spectra of the pure ZnO NWs (blue curve) and core-shell NWs (red curve). In
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the case of pure ZnO NWs, in addition to the band-edge emission at 384 nm, we observed a
broad visible emission around 560 nm as discussed in the previous section. However, the vis-
ible emission was significantly reduced after the lamination by the TiO, thin layer. This re-
duction can be attributed to the transformation of the ZnO deep levels into shallow donor lev-
els by the thermal annealing process[105] during the TiO; shell formation. This indicates that
the absorption in the visible (VIS) to near infrared (NIR) region of ZnO in our device is effi-
ciently suppressed[101], [105] which also prevents the unwanted photocurrent due to the
ZnO defects by the IR and VIS illumination. Figure 4.9b shows the absorbance of the core-
shell NWs (red curve) together with that of pure ZnO NWs (blue curve). A dramatic en-
hancement in the absorbance, a 30% enhancement of absorption in the UV spectral region, is
clearly observed for core-shell NWs although the thickness of the TiO, shell layer is only
around 10 nm, far smaller than the wavelength of the incident light. This would indicate that
efficient charge separation is realized owing to the formation of p-n junctions. Although the
band-gap of the pristine TiO, is 3.2 eV (387.5 nm), deep-level acceptors related to the Cr
doping and other defects in the disordered TiO, shell layer can induce the absorption in the
lower energy region as well as the slow response of the device (rising time in the sub-second
order). Slightly higher relative absorbance in the high-energy portion of the VIS region than

that of the pristine ZnO NWs can then be attributed to the TiO; shell layer.
4.2.3. ldeality factor of the Cr-doped TiO,-ZnO core-shell p-n junction

The schematic illustration of the working device (at reverse bias) is shown in Fig. 4.10a. The
p-n core-shell architecture is placed between an ITO glass and an Ag electrode, while the ITO
glass acts as transparent front contact and Ag electrode as back contact and diffusive reflector

in the UV region. The device in this work has an active area of 0.1 cm?.
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Figure 4.10. (a) Schematic illustration of the Cr-doped TiO,-ZnO NWs p-n heterojunction
device. (b) I-V response and ideality factor of p-n heterojunction device.

First, we investigated the ideality factor, which is related to the electrical performance of the
p-n heterojucntion. A p-n junction diode can be represented by the equivalent circuit (the in-
set in Fig. 4.10b), including an ideal diode in series with a parasitic resistance. By use Shock-
ley theory, the current (I) of p-n junction diode is expressed by a function of the applied-

voltage V: [127] [128]

| = I (eoV )T _q) (4.1)
or in expression:
v(1)= T (InIL+1J+ IR, (4.2)
q 0

where lo is reverse saturation current, nis the ideality factor, k; is the Boltzmann constant, T

is the measured diode absolute temperature and q is the elementary charge. The ideality fac-
torn can be approximated by fitting of the experimental data using Eq. 4.2. This value is ex-
pected to be 1.0 — 2.0 in the single p-n junction diode as Shockley theory. The ideality factor
nequals 1 when the diffusion current dominates and » equals 2 when the recombination cur-

rent dominates. However, when the recombination current is much higher than expected,
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which shows an ideal factor larger than 2 at low forward-biased, the reality cases are often
encountered. It is contributed by some recombination processes such as multi-phonon recom-
bination, radiative recombination or Auger recombination nother than the recombination at
defect points of the device[127]. The abnormally diode ideality factor (lager than 2) also was
elucidated by a series of junction diodes, including p-n junction diode and two Schottky di-
odes of the nonlinear metal-semiconductor contacts[31], [129] or multi-level recombination
at extended defects[130]. In our case, by fitting the experimental data using Eq. 4.2, the value
of ideality factor » of the device was approximated about 2.45 in range of O volt to 2 volt
forward-biased. It is higher than the expected values from the theoretical and smaller than
some previously reported values[31], [129], [130]. It should be proved that the metal-
semiconductor contacts of the device are afforded ideal Ohmic contacts. However, with the
nanowires array architecture of the p-n heterojunction, this device is not a single diode, it is a

diodes array in parallel, and the total current can be writing:

| = z IOi (eQ(V—hRsi)/ﬂikBT _1) (43)

we assume that the nanowires array are homogeneous so that the total current of m diodes is

given by:
| m|0m£9q(v_li:ﬂ)/”mm _1} _ Io(eq(v_ms)/quT _1) (4.4)

where R, =R,/m, 1, =ml,, with I, is saturation current of each diode. Here, we can see

that the ideality factor of individual diodes is closed to the ideality factor value of a parallel
diodes array of 2.45. However, the nanowires array are not perfectly homogeneous and the
recombination by defect points of p-n junction is much higher than expected values, which

leads to the observed high ideality factor of 2.45.
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4.2.4. Spectral response of Cr-doped TiO2-ZnO NWs photodiode

As analysed above, this device works as a diodes array and the current of individual diodes is
small, therefore, it is expected to work at high bias. In spite of the very small thickness of the
TiO, shell layer and the rather complex nanowire morphology of the current device, the sta-
bility of this p-n heterojunction is remarkably high. It exhibits a very small leakage current
(contributed by drift carries) as well as surprisingly high breakdown voltage (>15 V). For ex-
ample, at the 5V bias and without light illumination, the rectification ratio (the ratio between
forward current and reverse current at the same bias voltage) is 361, evidencing an ideal recti-

fying behavior of the device.

The wavelength-dependent spectral response of the device in UV, VIS and IR region was
studied separately by illuminating the filtered light from the solar simulator. The incident
light was illuminated from the front side (glass side) of the device. Figure 4.11a shows |-V
curves of the device under UV, VIS and IR illumination at the same intergrated incident
power of 104 x\W. It is clearly seen that the present device is nonresponsive in the NIR region
with wavelengths above 650 nm. In the VIS region also, it is almost nonresponsive, only giv-
ing little increase in the forward bias. This is likely due to the reduction of deep levels of the
ZnO NWs[105] and a weak response of deep acceptor defect levels in the Cr-doped TiO, lay-
er as discussed and shown in Fig. 4.7b and Fig. 4.9b. In clear contrast to the VIS and the IR
irradiations, the I-V curves under the UV irradiation show pronounced response especially in
the reverse bias. For example, at -5V reverse bias, the current increases from 150 zA (in the
dark) to 21 mA thus the switch current ratio reads as high as 140, exhibiting a high signal to
noise ratio. This value can be readily increased by increasing the TiO, shell thickness and re-

ducing the dark current.
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Figure 4.11. (a) Spectral response of the device taken under the UV, VIS, IR illumination
with the same power (104 xW). The inset shows the transmission characteristics of the
filters used in this measurement. (b) Power-dependent photocurrent of device. (c) Photo-
current response as function of incident power and reverse applied bias. (d) Dependence
of rectification ratio and reverse current on incident power under 373 nm illumination and
5V reverse applied bias.

I-V characteristics of this p-n heterojunction were investigated more systematically under UV
irradiation with various incident powers ranging from 0 to 104 #4W (Fig. 4.11b). Majority of
the induced photocurrent originates from the electron-hole pairs generated in or near the de-
pletion region, and then they are separated into free electrons and holes by the electrical field
subsequently drifting to the electrodes. In this sense the small thickness of the TiO, shell
works rather efficiently to transport the separated charges to the electrodes. Because of this
ultrathin nature of both the ZnO and TiO, materials, the generated diffusion current can be

minimized and the drift photocurrent reaches the electrodes swiftly, which results in the oper-
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ating reverse bias as small as -0.5 V. At typical reverse bias of -5V and 58 uW of incident
power, this device shows reverse current of 14 mA and switch current ratio as high as 93.
This value is more than 3 times higher than the best data reported so far for the ZnO NW-

based p-n junction device[120].

Figure 4.11c shows the reverse current of the p-n heterojunction on the UV light power under
reverse bias varied from 1V to 5V. The response current is dramatically increased when the
power and reverse bias increased. For more detailed characterization, Fig. 4.11d shows the
dependence of rectification ratio and the relation with reverse current of the p-n heterojunc-
tion on the UV light power under an applied bias of 5 V. The rectification ratio (black filled
squares) decreases rapidly up to around 20 pW, and then decreases slowly. This result evi-
dences the efficient generation of the photocurrent in the depletion region under the UV illu-
mination and shows good enough response of the photodiode by using this reverse bias. The
I-P characteristic (blue filled cycle) of this device at the same reverse bias shows that the re-
verse current | increases almost linearly with the increase of the incident power P from 0 to
70 uW, which features a useful linear response as an ideal photodiode. By evaluating the
slope of this I-P characteristic in this region, the responsivity of this device was found to be
as high as 250 A/W. This value should be improved to 325 A/W if the UV light attenuation
by the front glass window (30 %) is avoided by replacing to a UV-transparent window such

as sapphire, and even larger value is possible if the device works at higher reverse bias.

4.2.5. High internal gain in Cr-doped TiO,-ZnO UV photodiode

The mechanism for the high responsivity of the Cr-doped TiO2-ZnO NWs p-n heterojunction
can be explained by the high internal gain process where the carrier lifetime is much larger
than transition time of carriers. As the measured result shown in Fig. 4.11a, the threshold for

high responsivity or high internal gain is about 0.4 V, this value is far below the reverse bias
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in which its potential energy can support a sufficient energy (> Ey) for the impact ionization
process (or avalanche multi multiplication). However, a high internal gain in the Cr-doped
TiO2-ZnO p-n heterojunction can be achieved if the carrier lifetime is larger than carrier
transit time of in the photoconductive device. It has been reported that the carriers trapping
process by trap states or by oxygen adsorption and desorption process can induce a long life-
time of the carrier in photoconductive device[131]-[134], [92], [135]. Under the reverse-
applied bias, the TiO,-ZnO heterojunction can work as a photoconductive device. Upon illu-
mination at photon energy above Eg, electron-hole pairs are photogenerated; electrons move
to ITO contact and holes migrate to Ag contact, resulting in a photocurrent through the device.
Nevertheless, because of the large surface volume ratio in the TiO,-ZnO core-shell structure,

and with very thin p-TiO2 shell layer (~10nm), the electrons near TiO, surface could be cap-

tured by oxygen molecules [O, +e~ — O, ].
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Figure 4.12. (a) Oxygen adsorbed on TiO, shell surface, in the dark (top) and in the light
illumination (bottom). (b) Time dependence of the photocurrent with switching on/off the

373 nm UV illumination at 5 V reverse-biased.

This oxygen adsorption process is described as the schematic shown in Fig. 4.12a. In the dark,
because of p-type conducting of TiO, shell layer, the electron is minor carrier then the num-

ber of adsorbed O, ions is small. In contrast, the number of adsorbed oxygen ions is increased
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when the light is on since the electrons near TiO; surface are generated by photon absorption
and then they are quickly captured by oxygen molecules, resulting in unpaired holes on TiO,
shell layer with long lifetime. The unpaired holes concentration in TiO, shell layer as well as
the conductivity of TiO,-ZnO device is increased versus the illumination time, making device
has slow response time but high responsivity as measured result of 250 A/W under 373 nm

illumination at 5 V reverse applied bias. It should be noted that the adsorbed oxygen ions also
can be desorbed by discharging process [O, +h* — O, ], it makes the unpaired holes con-

centration saturated. Figure 4.12b shows the time dependence of the current with switching
on/off the 373 nm illumination at 5 V reverse bias. It was found that, the current is exponen-
tially increased when the light is on, and saturated after about 10 second. It means that, the
conductivity of the device is increased after turn on the light, which could be induced by the
adsorption of oxygen molecules on the TiO; surface as discussed above. When the light is off,
the unpaired concentration is decreased due to the oxygen desorption process. As seen in Fig.
4.12b, the conductivity of the device is slowly decreased after turn off the light, the dark cur-

rent is therefore also increased versus illumination time.

The photoconductivity in the Cr-doped TiO,-ZnO device also can be affected by other carrier
trapping processes in ZnO nanowire as well as at semiconductor/contacts[131]. Thus, this
enhancement of the conductivity induced by carrier trapping as well as oxygen adsorption
processes can work as the internal gain, resulting in a high responsivity of the Cr-doped TiO,-
ZnO device. In addition, the TiO,-ZnO heterojunction can work at high bias (breakdown > 15
V). Therefore, responsivity of the device can be improved at high applied bias where the

“impact ionization” or avalanche multiplication process can be also taken into account.
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4.2.6. Conclusion of Cr-doped TiO,-ZnO p-n junction UV photodiode

By adopting a vacuum-free low-cost chemical fabrication route, we fabricated an
infrared/visible-blind high-sensitivity UV photodetector composed of a p-n heterojunction
core-shell nanowire architecture using n-type ZnO and p-type TiO, as two constituent TCO
materials. The sol-gel fabrication process of Cr-doped TiO; shell layer yielded a high-quality
conformal p-n heterojunction on a vertically grown ZnO nanowire array, which renders
efficient charge separaton and carrier transfer. Surprisingly, in spite of its intricate 3D
architecture with very small thickness of the TiO, shell, the device operates as a model p-n
heterojunction with a linear response and sensitivity larger than 250 A/W (-5V reverse bias,
UV illumination at 373 nm). The proposed combination of the current fabrication methods
with the core-shell device architecture would greatly widen the application of the two
commnly used meta oxide - ZnO and TiO; - for optoelectronics as well as for light harvesting

nanomaterials for solar-hydrogen generation.

4.3. Plasmonic NPs-ZnO NWs hybrids for efficient solar-driven photocatalysis

In this section, we demonstrate on the measurements and simulations of visible active photo-
catalyst composed of plasmonic metal nanoparticles and ZnO NWs array fabricated via all-
wet-chemical route[136]. Owing to the coupling between the ZnO dielectric response and the
Ag or Au nanoparticles excitation, efficient electronic excitation can be induced at the vicini-
ty of the metal-ZnO interfaces since optically excited plasmonic particles not only can con-
centrate the electromagnetic field at the ZnO/particle interface, but also would act as efficient
sources of plasmonic hot-electrons injected into the conduction band of the ZnO catalyst.
Through the photodegradation and photoelectrochemical cell experiments, the obtained en-

hancement results using plasmonic metal-ZnO NWs here clarify the role of plasmon reso-
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nance and provide us useful knowledge for the development of oxide-metal nano-hybrid ma-

terial for solar energy conversion

4.3.1. Plasmon-enhanced photocatalysis

Artificial photosynthesis and photocatalysis have become central topics in energy and envi-
ronmental research as one of the most promising clean processes for converting solar energy
into chemical energy. Metal-oxide catalysts such as TiO,-based self-cleaning house paint as
well as window coating have been studied extensively. Although the remarkable success in
the applications so far, most of the semiconductor catalyst have optical band gaps in the ul-
traviolet (UV) region, such as TiO; (3.2 eV)[97], ZnO (3.37 eV)[95], and SrTiO3; (3.2
eV)[137] which are too large for enjoying efficient use of solar energy in the visible (VIS)
and infrared (IR) region. Recent advances in the improvement of catalytic efficiency as well
as development of the VIS-IR active catalyst have provoked numerous challenges in the field

of photocatalysis and in nanophotonics.

Recently, plasmonic nanostructures have been demonstrated their great potentials for the ap-
plications in optics, photonics and opto-electronics, based on their extreme enhancement and
nanoscale confinement of the electromagnetic field in the vicinity of their surfaces. Such fea-
tures have also been realized to enhance the efficiency of catalytic materials by near-field en-
hancement and far-field scattering enhancements of the light while excited plasmons can also
provide sufficient energies for injecting hot-electrons from metal nanostructures to semicon-

ductor catalysts[138]-[141].

Among the various available photocatalysts, zinc oxide (ZnO) has been widely studied as a
highly efficient material[142]-[151] because of its natural abundance, inexpensive fabrication
processes, rendering, ZnO as a promising photocatalyst beside TiO, and SrTiOs. In particular,
ZnO nanowires (NWs) have been studied extensively as excellent catalysts because of their
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high surface area and increased optical path-length mediated by light scattering and interfer-
ence[146]-[151]. However, because of its wide bandgap, the photocatalytic activity of ZnO
NWs is limited mainly under UV light, making the challenger for the use of ZnO in the solar-
assisted photocatalysis application. To improve photocatalytic activity of ZnO NWs, beside
the bandgap modification by doping of ZnO NWs with metal ions[148], [152]-[154], nano-
metals were also chosen as the co-catalysts materials for the enhancement of the charge sepa-
ration[147], [155], [156] or as the plasmonic materials for the near field enhancement and
hot-electron injection[150], [157], [158]. The catalytic activity of plasmonic nanometals-ZnO
NWs heterostructures can be improved in both UV and VIS regions, however, the enhance-
ment factor as well as the efficiency enhancement are dependent on the structure morphology
and electric field direction. Deeper understanding for both UV and VIS catalytic enhance-
ments of the AgNP-ZnO and AuNP-ZnO NWs hybrids based on measurement and electro-

magnetic field simulation are needed.

Here in this work, we aim for proposing an effective metal-oxide hybrid nano-architecture
and its facile low-cost fabrication method together with the experimental demonstration of
their visible photocatalytic activity. It is of high interest also to see how much extent the nu-
merical analysis of the electromagnetic field in nanometer scale can contribute for explaining
the improvement in chemical properties of the proposed nanostructures. The proposed nano-
materials here are the metal nanoparticles (NPs) loaded-ZnO nanowires (NWs) which exhibit
highly improved catalytic activity in the visible region. The fabricated catalyst consist of a
nearly-vertical ZnO nanowires array that are hydrothermally grown on the transparent con-
ductive oxides (TCOs), such as on fluorine-doped tin oxide (FTO) or on ITO coated glass
substrates. The plasmonic Ag and Au NPs were prepared separately and attached onto ZnO
nanowires to form the AgNPs loaded-ZnO or AuNPs loaded-ZnO catalysts. The photodegra-

dation of methylene blue (MB) molecules under solar light illumination was examined. Cata-
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Iytic activity of the metal-NPs loaded-ZnO surfaces was found to be 2-3 times higher than
that of the pure-ZnO NWs. The photoelectrochemical (PEC) cell under photovoltaic configu-
ration with NPs-loaded-ZnO NWs photoanodes showed clear photocatalitic activity in the
VIS region while negligible activity was observed in the case of pure ZnO NWs photoanode.
On the other hand, the numerical electromagnetic field simulations were used to investigate
the optical properties of the materials as well as understanding the mechanism of the catalytic
activity enhancement by the addition of plasmonic metal particles on ZnO NWs. The RCWA
calculation was employed to clarify absorption characteristics of the catalysts in the visible
region associated with the plasmonic extinction of AgNPs and AuNPs. The electric field cal-
culations showed the strong electric field concentration at the interfaces between the metal
NPs and ZnO in both UV (near the band gap of ZnO) and VIS (at resonance of localized sur-
face plasmon) excitations. Especially, at plasmon resonance in the VIS region with AgNPs-
ZnO case (c.a. 450nm) and with AuNPs-ZnO case (c.a. 560nm), the electric field enhance-
ment were found to be 20 times, which provides high chances for internal photoemission to
generate hot-electrons to overcome Schottky barrier and are injected into ZnO conduction

band to make it functionalized as VIS active photocatalyst.
4.3.2. Preparation and characterization of metal NPs-ZnO NWs hybrid arrays

ZnO NWs arrays were synthesized on transparent conductive oxides (FTO or ITO) substrates
(1x2 cm) by hydrothermal method[98] as present in the section 4.1. The fabricated ZnO NWs
arrays were then washed in de-ionized water, in ethanol, and then annealed at 400 'C in am-
bient air for 1 hour to enhance the crystallinity of ZnO crystals and the concentration of the
shallow donors[105], [115]. The colloidal suspension of AgNPs (average diameter of 10 nm)
was synthesized by adding sodium tetrahydroborate (NaBH,4 - Wako) to reduce the ionic sil-

ver (AgNO; - Wako) and stabilize the silver nanoparticles[159]. The aqueous solution of
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AUNPs (average diameter of 13 nm) was synthesized by reducing ionic gold (hydrogen tetra-
chloroaurate (I11) tetrahydrate - HAuCl, - Wako) by using trisodium citrate anhydrous
(CeHsNazO7 - Wako)[160]. A drop casting of AgNPs or AuNPs suspensions onto ZnO NWs
arrays were used to form the AgNPs-ZnO and AuNPs-ZnO hybrid nanowire arrays. The
samples were then washed by de-ionized water to remove the excess amount of AgNPs and
AuNPs and then dried and thermally treated at 150°C in air (at low oxygen content to avoid

the oxidation process of the silver) for 1 hour to stabilize the metal-ZnO interfaces.
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Figure 4.13. (a) Cross-sectional SEM image of a ZnO NWs array and a HR-TEM image
(inset) of a single ZnO NW with [0001] growth orientation. (b) Tilted-view SEM image
of a AUNPs-ZnO NWs array. (c) HR-TEM image of a AuNP on the ZnO NW surface. (d)
XRD patterns of a AUNPs coated and a non-coated ZnO NWs array.
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The investigation of the photodegradation of MB in water was carried out using NPs-ZnO
NWs catalysts, in which, a 2 ml solution of MB molecule with concentration of 10> M in wa-
ter was used. For photo-electric conversion (PEC) measurement, a simple PEC cell was used
with photoanodes made of AgNPs-ZnO and AuNPs-ZnO hybrid nanowire arrays. These met-
al NPs-ZnO NWs arrays were grown on ITO substrates and were connected to high purity
copper wire using silver paste and then an insulating epoxy was used to cover all the excess
ITO surfaces on the edge of ITO glass to prevent the short-circuit current. The PEC cell
measurements were carried out using photovoltaic configuration with the catalysts pho-
toanodes and a Pt zigzag wire as counter electrode and the Na,SO, solutions (0.5 M) as elec-
trolyte. A standard AM 1.5G solar simulator (Jasco Otentosun - IV 5) with power density of
100 mWem™ was used as sunlight source for both of PEC cell and photodegradation experi-
ments. For the measurement with VIS irradiation, an additional optical filter was combined

with solar simulator to eliminate UV light.

Figure 4.13a presents a cross-sectional SEM image of a ZnO NWs array grown on an FTO-
glass substrate with an average wire length of 1 xm, the diameter of 50 nm, and the wire den-
sity of 2x10™ cm™. A high-resolution TEM image of a single ZnO NW (the inset in Fig.
4.13a) shows very high crystalline quality with [0001] growth orientation. A tilted-view SEM
image of AuNPs-ZnO NWs array (Fig. 4.13b) shows that the particles are uniformly attached
to the surface of ZnO NWs. In addition, a high-resolution TEM image of NP loaded NW
(Fig. 4.13c) shows a good contact between metal-NPs and semiconductor-ZnO. Figure 4.13d
shows the XRD patterns of the bare ZnO NWs on an FTO substrate (gray curve) and that of
the AuNPs (blue curve), both are exhibiting ZnO diffraction peaks which are in good agree-
ment with the JCPDS card No. 36-1451 of bulk ZnO with hexagonal wurtzite structure. In
addition, a strong peak at 34.39° of ZnO (002) plane shows that the nanowires are well ori-

ented and high crystalline quality. Besides, the XRD pattern of the AuNPs-ZnO NWs also
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exhibits additional diffraction peak which is ascribed to the (200) plane of the AuNP. Regard-
ing the AgNPs-ZnO NWs arrays, we also characterized them by the same TEM and XRD ob-
servations and confirmed that they exhibits similar morphology and the crystallinity as the

AuNPs-loaded ZnO NWs array.
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Figure 4.14. (a) Simulated and (b) Measured transmission spectra of bare ZnO NWs array
(black curve), AgNPs-ZnO NWS hybrid (blue curve), and AuNPs- ZnO NWs hybrid (red
curve). The insets in (a) shows simulation model for a unit cell, including NPs on ZnO
surface with tilted angle of 30° with respect to the incident light direction. The photo lu-
minescence spectra of the ZnO nanowires before and after annealing at 400 °C. Inset in
(b) shows the experimental transmission spectra of the original AgNPs and AuNPs sus-

pensions in water.

In order to elucidate the optical properties of metal NPs loaded-ZnO catalyst, firstly, the sim-

ulated transmission spectra were performed using RCWA method, and then compared with
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UV-VIS spectra of the materials. Figure 4.14 presents the simulated (Fig. 4.14a) and measurd
(Fig. 4.14b) spectra of the ZnO NWs arrays with and without plasmonic metals in the air sur-
rounding medium. The geometry of the model is shown as an inset in Fig. 4.14a. For this
simulation, the illuminating light has an incident angle of 30° with respect to the nanowire
axis which will be discussed in more detail in the following. The inset in Fig. 4.14b shows the
transmission spectra of the AgNPs and AuNPs suspended in water exhibiting the plasmon
resonances at 390 nm and 523 nm, respectively. The simulated spectra are in good agreement
with the measured spectra. The result indicates a high transparency for wavelength above 400
nm in case of bare ZnO NWs (black curve), while in the presence of plasmonic NPs, absorp-
tion feature around 415 nm for AgNPs-ZnO NWs hybrid (red curve) and wide absorption
band from 450 nm to 630 nm for AuNPs-ZnO NWs hybrid (blue curve) are seen. Due to the
dielectric screening from the ZnO, the plasmon resonances of NPs are slightly redshifted
when NPs are attached on the ZnO NWs. With the presence of plasmonic metals, the optical
densities of the NPs-loaded-ZnO NWs arrays were increased in visible (VIS) region, which is

the requirement for the photocatalyst that operates under the solar light illumination.

The quality of ZnO NWs crystal was improved by annealing process and also evaluated by
photoluminescence measurement as shown in the inset in Fig. 4.14a. As we can clearly see,
broad VIS emission (c.a. 500-700 nm) was reduced by the annealing process, which is at-
tributed to the increase in the shallow donor levels[105], resulting in a high donor concentra-

tion and improving the crystallinity and the conductivity of the ZnO catalyst.
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4.3.3. Photodegradation of MB in water using metal NPs-NWs hybrid catalyst
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Figure 4.15. Photodegradation of methylene blue (MB) molecules in water under solar
light illumination. (a) Experimental setup. (b) Photodegradation evolution as increasing
the transparency of MB in presence of catalyst by the time irradiation. (¢) Reductions of
the concentration of MB are shown: without catalyst (gray curve), in the presence of bare
ZnO NWs array (red curve), AuNPs-ZnO NWs array (green curve) and AgNPs-ZnO
NWs array (blue curve). (d) The MB photodegradation rate constants in the presence of
the different catalysts are shown. The inset shows a TEM image of a thin TiO, layer-
coated ZnO NW catalyst.

One of the possible uses of the oxide photocatalyst is the decomposition of unwanted pollu-
tant molecules and toxic molecules in water under sunlight illumination. The catalytic activi-
ty of the plasmonic metal loaded ZnO NWs catalysts was investigated by the photodegrada-

tion (reduction) of MB molecules under solar light illumination. The solution of MB (deep
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blue) transforms into leucomethylene blue (transparent) as the reduction of MB takes place
(Fig. 4.15a). Figure 4.15b shows the photodegradation evolution of MB molecules in water
as increasing the transparency of solution by increasing the illumination time. Figure 4.15c
show the photodegradation plot by monitoring the reduction of the MB concentration under
solar light illumination[161]. Initially, the degradation of MB solution was evaluated without
any light illumination to see the chemical process in dark and the instrument function of the
measurement system that constitutes the background spectrum. After the light illumination,
the concentration of MB is slowly reduced due to photoreaction without any catalyst. On the
other hand, in the presence of catalysts, the molecules are drastically reduced by photocata-
Iytic process. Especially, by loading plasmonic NPs onto ZnO, the catalytic activity of

AUNPs-ZnO and AuNPs-ZnO becomes much higher than that of the pristine-ZnO NWs.

For further quantitative investigation, by using first-order Langmuir-Hinshelwood Kkinet-
ics[162], we evaluated the apparent reduction rate of MB in the presence of catalysts as
shown in Fig. 4.15d. Compared to the pritine-ZnO NWs case with the rate constant of 22.5 x
10°min™, the photocatalytic activity of the NPs-ZnO hybired catalysts is remarkably en-
hanced by 2.4 to 3.2 times in cases of AuNPs-ZnO and AgNPs-ZnO, respectively. Because
the plasmon resonance wavelength of AgNPs is shorter than that of AuNPs, the near-field
enegy induced by AgNPs is closed to band gap of ZnO than Au case. Therefore, the en-
hancement in case of AgNPs-ZnO is higher than that of AuNPs-ZnO. For further investiga-
tion, the ZnO NW surfaces were also capped by ultra-thin oxide layers (thickness of 4 nm,
the inset in Fig. 4.15d) of Al,O3 or anatase TiO; to determine the effects of the oxide surfac-
es. The oxide thin films were carried out using atomic layer deposition. As shown in Fig.
4.15d, Al,O3-coated ZnO NWs array show little catalytic activity, as expected from the bulk
properties of the material and its wide band gap energy (8eV). On the other hand, the anatase

Ti0,-coated ZnO NWSs shows an improved catalytic activity in comparison with pure-ZnO
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NWs (Fig. 4.15d), which is due to the improvement of the charges transport by removal of
trap states[163] of ZnO during the forming of TiO, shell layer as well as the inherent catalytic
activity of TiO,. However, the catalytic activity of TiO, coated ZnO NWs is still far smaller
than that of the NPs-loaded ZnO NWs, thus highlighting the dramatic enhancement of the
catalytic activity induced by the plasmonic NPs. The above results can be summarized as fol-
lows. The catalytic activity is associated with the ZnO surface chemistry that is higher than
Al,O3 and lower than the TiO,, and the activity can be dramatically improved by a factor of
two to three to the level that surpasses by far the activity of TiO, surface by the decoration of
metal NPs. It should be noted that these plasmonic NPs-ZnO NWs catalysts are possible to be
reused for many times with high stability. For example, after the catalysts were used they
were rinsed by pure water for several times and dried in ambient air. This simple cleaning

method allows us to use them for more than 10 times with stable catalytic activity.

To further understand the role of the metal NPs on the photocatalytic activity, we have meas-
ured the photocurrent using the photoelectrochemical cell (PEC) under irradiation from a so-
lar simulator (Fig. 4.16). We investigated the photocatalytic activity of the plasmonic NPs-
ZnO NWs hybrids by using them as the photoanodes in our PEC cell together with a cathode
made of Pt zigzag wire. A 0.5 M of sodium nitrate solution (pH ~ 7) was used as the electro-
Iyte. Photovoltaic configuration for PEC cell was used meaning that any bias voltage was not
applied during the photocurrent measurements (Fig. 4.16¢). Figure 4.16a-b present the photo-
current density of PEC with and without light illumination. Under standard solar light of
100mW/cm™ as shown in Fig. 4.16a, the average photocurrents were 8.5 and 11 zA/cm ™ for
the two photoanodes made of AuNPs and AgNPs -ZnO NWs hybrids, respectively, while it is
only 3.2 zAlcm™in case of pure ZnO NWs photoanode. It is clearly seen that by using plas-
monic NPs-ZnO NWs hybrids, their photocatalytic activities were enhanced from 2.5 - 3.5

times compared to bare ZnO NWs.
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Figure 4.16. Photocurrent density of ZnO NWs and NPs-ZnO NWs hybrid photoanodes
of the PEC cell under photovoltaic configuration. (a) Under solar light illumination with
power density of 100 mWcm™ (standard AM 1.5G filter) and (b) Under visible light illu-
mination (wavelength in the range of 400 — 900 nm with power density of 33 mW-cm™).
(c) Schematic of the photoelectrochemical cell under photovoltaic configuration. (d)
Schematic illustration of the mechanism for VIS photocatalytic activity by plasmon-

induced hot-electron of plasmonic NPs-ZnO NWs hybrid.
To investigate the mechanism of the activity enhancement, we measured photocurrent of PEC
cell under pure VIS-IR irradiation (400 nm — 900 nm) by using optical filter to cut all UV
light (Fig. 4.16b). With the VIS light illumination, little photocurrent is generated in case of
pure ZnO NWs, while the photocurrents in cases of the AgNPs and AuNPs-loaded ZnO NWs
are steeply rising over 0.6 xA/cm™. It should be emphasized that even under the VIS light

irradiation, the photoelectric conversion is operative in the presence of plasmonic-metal NPs
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loaded on the ZnO NWs catalyst. Figure 4.16d presents the possible mechanisms of the VIS
photocatalysis of the plasmonic NPs-ZnO NWs hybrids, which are originated by plasmon-
induced hot electrons or/and plasmon-enhanced defect absorptions of ZnO photocatalyst. The

detailed mechanisms are discussed in the section bellow.

4.3.4. Electric field enhancement and discussion on the mechanism of plasmon-

enhanced photocatalysis in plasmonic NPs-ZnO hybrid

To elucidate the optical properties as well as the enhancement mechanism of the plasmonic
metal-loaded ZnO catalyst, the electric field (E-field) distribution around the nano-objects
were carried out by using FDTD simulation as shown in Fig. 4.17. The simulations were per-
formed including water as surrounding medium, which reproduces the experimental condi-
tion of the catalyst. Firstly, the localized surface plasmon resonance spectra of Ag-ZnO and
Au-ZnO hybrids in water were simulated using RCWA to see the changes of resonance spec-
tra of plasmonic hybrids when the surrounding medium changed from air to water. It was
found that, the localized plasmon resonance spectra of Ag-ZnO and Au-ZnO hybrids are red-
shifted from 415 nm (in air) to 450 nm (in water) for Ag-ZnO hybrid (Fig. 4.17a), and from
530 nm (in air) to 560 nm (in water) for Au-ZnO hybrid (Fig. 4.17d). The E-field distribu-
tions around plasmonic NPs-ZnO hybrids are shown in Fig. 4.17b-c (Ag-ZnO) and Fig.
4.17e-f (Au-ZnO). As seen, by using UV excitation at optical band-gap energy of 360 nm -
ZnO NWs, the E-field enhancement near the Au-ZnO (Fig. 4.17b) and Ag-ZnO (Fig. 4.17¢)
interfaces were found to be 3 and 4 times larger, respectively, compared with E-field of the
incident light. This enhancement in UV range, especially, corresponding to the optical band-
gap of ZnO, can contribute remarkably to the efficiency of the photocatalysts. In addition, the
excitation energy in UV range is larger than threshold of the interband transitions of Ag or

Au, which can lead to the excitation of electrons far below the Fermi level, for example, the
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interband transition from d-band to sp-band in gold. In this case, the photogenerated holes in

d-band may act as the hot-holes and contribute to the injection current[139]. On the other

hand, under VIS excitation at the frequency of plasmon resonances of 450 nm for Ag-ZnO (in

water) and 560 nm for Au-ZnO (in water), the enhancement factors of E-field were found to

be as high as 20 and 18 times in for Ag-ZnO (Fig. 4.17c) and Au-ZnO (Fig. 4.17f), respec-

tively. These concentrated E-fields are mostly located at the interface between the metal NPs

and the ZnO0, also slightly penetrating into the subsurface of ZnO (Fig. 4.17c and Fig. 4.17f),

indicating the concentration of photon energy into a tiny space at the NPs-ZnO interface.
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Figure 4.17. Simulated transmittance (red curves) of (a) AgNPs-ZnO NWs hybrid and (d)

AUNPs-ZnO NWs hybrid in real working-condition medium of water. Simulated electric

field distribution around plasmonic NPs-ZnO hybrids shows strong E-field enhancement

and the hot-spots located at the interface of the metal and semiconductor would provide
smart potential to hot-electrons: For AgNPs-ZnO NWs - (b) Under UV excitation of 365
nm with E-field enhancement of 4 and (c) under visible of plasmon resonance at 450 nm
with strong E-field enhancement of 20. For AuNPs-ZnO NWs - (e) Under UV excitation

of 365 nm with E-field enhancement of 3 and (f) Under visible of plasmon resonance at

560 nm with strong E-field enhancement of 18.
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With a Schottky barrier at the hetero-junction between a metal with work function smaller or
larger than the vacuum electron affinity of a p-type or a n-type semiconductor, respectively,
the quantum transition probability of electrons with sufficient energy to overcome the barrier

is given by:[138], [164]

C (hv_q¢B)2

A~ 4.5
n; F hv (4.5)

where C. is the device-specific Fowler emission coefficient, q¢, is the Schottky barrier en-

ergy and v is the photon energy. Here, in the case of junctions between Ag with work func-
tion of 4.26-4.74 eV[165] or Au with work function of 5.1-5.47 eV[165] and native n-type
ZnO NWs[126] with vacuum electron affinity of 4.19-4.5 eV[166], the Schottky barriers
were estimated to be in the ranges from 0.1-0.5 eV for the Ag-ZnO junction and 0.5-1.3 eV
for the Au-ZnO junction, which are far smaller than the plasmon energy of Ag-ZnO-water (at
450 nm, or 2.76 eV) and Au-ZnO-water (at 560 nm, or 2.21 eV). The concentrated plasmonic
E-field at the metal-semiconductor interface assists the energy transfer of the plasmon energy
through the metal interband transition (single particle excitation) that enables the excited
electrons to readily overcome the Schottky barrier between the plasmonic metal and the cata-
lyst semiconductor. This leads to the hot-electron injection from plasmonic metal into the

conduction band of the ZnO catalyst via plasmon excitation and decay.

In this work, ZnO NWs were annealed to improve the donor concentration that can reduce
Schottky barrier height of the ZnO-metal contacts, resulting in high hot-electron injection ef-
ficiency. The generated hot-electrons are then drifted into external circuit via ITO contact,
resulting in the photocurrent generation under VIS light illumination as shown in Fig. 4.16b.
It should be noted that the minute current seen in case of pure-ZnO NWs photoanode under

VIS illumination (Fig. 16b) will be due possibly to the marginal defect absorption of ZnO
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NWs by the deep donor level as reported[105], [167], which might be also combined with the

VIS electric field enhancement that enhances the observed response.

The geometrical effects on the plasmon-induced hot-carrier injection from metal to semicon-
ductor are necessary to be considered for realizing high quantum efficiency of the photoelec-
tric transfer. Not only it depends on the Schotky barrier height and the plasmon energy, but it
also depends on the momentum and energy distributions of the generated hot-carriers. One of
the preferred geometry is that the hot-carriers’s momentum must contain sufficiently large
component in the direction perpendicular to the metal-semiconductor interfaceas well as the
E-field component of the incident light[164], [139], [140], [168]. On the other hand, the
quantum confinement is also expected to provide sufficient broad momentum distribution for
electronic excitations making the hot-electron generation becomes remarkably efficient for
nano-sized metal clusters[139]. For our plasmonic metals-loaded ZnO catalysts, the AgNPs
and AuNPs with small size (~13 nm) can provide high quantum efficiency via plasmon-
induced hot-carriers injection due to its broad momentum distribution associated with the
light excitation. As shown in Fig. 4.17, with E-field excitation perpendicular to NPs-ZnO in-
terface, the free electrons are excited to move in parallel to the E-field vector, resulting in the
highest electron density at metal-semiconductor interfaces as well as highest E-field of the
plasmon at the same position, which is an ideal condition to induce hot-electron injection.
When the E-field is exactly parallel to the NPs-ZnO interface, the electrons are oscillated
away from the ZnO surface and the induced E-field magnitude is weak (see e.g., the top and
the bottom NPs in Fig. 4.17b-c and Fig. 4.17e-f) that can be resulted in weak electron injec-

tion probability in this condition.
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Figure 4.18. Electromagnetic simulations for the incident angle-dependent absorption of
plasmonic NPs—ZnO NWs hybrids show the efficient absorption of the nanowire mor-
phology with tiled-angle: (a) AGNP-ZnO NWs and (b) AuNP-ZnO NWs.

To understand the suitable geometrical condition for efficiently exciting the NP plasmons
(and thus yielding higher photocurrent) we performed electromagnetic simulations with vary-
ing the light incident geometry and polarization. We did the RCWA simulation to simulate
the absorption by varying the incident direction and polarization of the light with respect to
the NPs-loaded ZnO NWs array. Examples of the simulations are shown in Fig. 4.18 which
we can understand the optimal tilting angles of the-NWs array with respect to the substrate
that provides the highest optical density. With metal NPs-loaded ZnO NWs, the plasmon ab-
sorption intensity strongly depends on the incident angle with the maximum at about 50 to
70° (corresponds to the nanowire tilted-angle of about 20 - 30° compared to incident light ex-
citation). Additionally, the band-edge absorption of ZnO slightly depends on the incident an-
gle exhibiting similar maximum at 50 - 70°. As a whole, this structure shows an optimized
absorption both for UV (ZnO band-edge absorption) and VIS (plasmon absorption) light at
around 50 — 70°. This angle nicely corresponds to the average tilted angle of our ZnO nan-

owires readily grown on the TCOs with the present wet chemical synthesis method.

4.3.5. Conclusion of plasmonic NPs-ZnO NW hybrids for efficient photocatalyst

We have fabricated ZnO nanowire array loaded with noble metal nanoparticles by all wet
chemical synthesis. The fabricated materials exhibited improved photocatalytic activity 2.4 to
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3.2 times higher than the pristine ZnO NWs array as we clarified by the degradation of meth-
ylene blue molecules under the solar light. They showed promising performance in pho-
toanode application in the photoelectrochemical cell, and we confirmed that they exhibit sub-
stantial photocurrent not only in the ultraviolet region but also in the visible region. The elec-
tromagnetic field calculations elucidated the origin of the high optical density in VIS region
and provide optimal geometrical condition suitable for high absorption for the light in the UV
to VIS region. The strong near-field enhancement at the NPs-ZnO interface was also con-
firmed, elucidating in detail the microscopic mechanism for the efficient hot-carrier injection

from metal to ZnO with the visible light illumination.

The combined plasmonic NPs-semiconductor NWs arrays such as studied here exhibit wide
variety of application ranging from solar light photodegradation for environmental remedia-
tion to the solar water splitting for hydrogen generation. We expect that the activity of this
class of materials can be further improved by appropriately designing the electromagnetic
nearfield at the metal/oxide interface by the electromagnetic simulation as well as carefully
choosing the constituent materials (oxides such as SrTiO3, TiO,, Fe,03, WO3, combined with
metals such as Pt, Ru, Ni) via semiconductor band engineering. Together with nanophotonics
designing, band engineering, and controlling the nano-architecture, e.g., by further adopting
core-shell oxide heterojunction to efficiently promote carrier separation as well as to reduce
the carrier diffusion length, we will be able to further improve the photocatalytic performance

of the nanomaterials.

4.4. Summary of Chapter 4

We have presented the chemical synthesis and characterization of ZnO NWs for photoelectric
conversion applications. By adopting another wet-synthesized p-type Cr-doped TiO, thin

shell layer, the TiO,-ZnO NWs core-shell structure showed good p-n heterojunction with an
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ideality factor of 2.45. The p-n heterojunction was applied for visible blind - sensitive UV
photodetector with high responsivity of 250 mA/W (-5V reverse bias, UV illumination at 373
nm). By combining with plasmonic nanoparticles, we have carried out an efficient solar-
assisted photocatalyst. The optical properties of NPs-ZnO were investigated by both
simultion and measurement. The strong near-field confined at NPs-ZnO interfaces could
enhance light absorption in both UV and VIS regions, resulted in the photocatalytic
enhancement as confirmed in both photodegradation and photoelectrochemical
measurements. As the results, the fabricated plasmonic NPs-ZnO NWs hybrids exhibited im-
proved photocatalytic activity 2 to 3 times higher than the pristine ZnO NWs array. In addi-
tion, the hot-spots located between plasmonic metal and ZnO could provide a sufficient ener-
gy for electrons to overcome Schottky barrier, inducing VIS catalytic activity of NPs-ZnO
NWs hybrids. Out study on the development of cost-effective plasmonic-ZnO hybrids can be
applied for other plasmonic metal-oxide nano-hybrids in order to improve the catalytic per-

formance of the wide band-gap semiconductor materials
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5. METAL-INSULATOR-METAL PLASMONIC PERFECT ABSORBER

In previous chapters, we have investigated the light confinement in small gaps between plas-
monic objects and metal-oxide interfaces, and their applications in enhancing the light ab-
sorption in plasmonic hybrids for molecular sensing and photocatalysis. The absorption effi-
ciency in photoactive devices can be achieved nearly unity with the well-designed plasmonic
structure so called plasmonic perfect absorber. Perfect absorbers (PAs) based on plasmonic
metamaterials have obtained increasing attentions in the recent years due to their subwave-
length thicknesses, narrowband and near unity absorption. In this chapter, we demonstrate the
design, fabrication and characterization of PAs with aluminum as the plasmonic material in a
metal-insulator-metal (MIM) structure. Our newly developed fabrication approach combines
scalable colloidal lithography and reactive ion etching, which enables easy large-area fabrica-
tion and offers wide-range tunability of the absorption wavelengths from visible (VIS) to
mid-infrared (MIR) ranges. The fabricated Al-PAs showed narrowband absorption with high
efficiency up to 98%. In the applications, we demonstrate the uses of Al-PAs as the selective
thermal emitters with single-narrowband emissions, or in the selective surface-enhanced in-

frared absorption spectroscopy as shown a tentative result on the sensing of BSA molecules.

5.1. Plasmonic metamaterial perfect absorber

Metallic subwavelength structures, known as plasmonic metamaterials, have gained much
attention due to their unique ability to display fascinating physical properties, thus providing
many advanced applications. Among the family of plasmonic metamaterials perfect absorbers
(PAs) show nearly 100 % narrow-band absorption at certain wavelengths which can be tuned
arbitrarily by the metamaterial designs[169]-[176]. Perfect absorbers have already found a
wide range of applications in photonics and opto-electronics such as selective thermal emit-

ters[177]-[180], [26], [181] plasmonic refractive index sensors[182], surface-enhanced infra-
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red absorption spectroscopy[183], [184], and CO, sensors[185].

In plasmon-enhanced light harvesting applications in infrared (IR) range such as thermopho-
tovoltaics[186], [187], it is desirable to control the spectral emissions by selecting emitters in
a narrowband matching to the absorption spectra of the thermophotovoltaic materials. Ac-
cording to Kirchhoff’s law of thermal radiation, an absorber can emit thermal radiations at
the same wavelength of the absorption spectrum. Several narrow-band thermal emitters have
been demonstrated, such as devices based on photonic crystals[188], [189] made of quantum
wells[190], SiC grating surface[191], plasmonic steel grating surface[192], plasmonic tung-
sten grating[193], holes arrays of Ag-SiO,-Ag[194] and nanoamorphous carbon doped
(CAN)/TIN-SiO,-CAN/TIN[195]. Recently it is worth noting that patterned metal-insulator-
metal (MIM) structures have attracted tremendous attention for selective thermal emitters due

to their ease of controllability[179], [180], [26], [181], [185].

An MIM PA typically has a thick metallic film at the bottom as the back reflection plane and
one or several pairs of insulator-metal structures. The patterning of MIM is commonly done
by either photo-, electron- or nanoimprint- lithography, all of which require expensive in-
struments and cleanroom environment. A simple technique to fabricate large-scale structures
with micron resolution is attractive to handily perform laboratory experiments for those who
do not have nanofabrication facilities. Among the various nanofabrication techniques, colloi-
dal lithography technique is a simple method to fabricate large-scale periodic structures with-
out the lithography processes as mentioned above[196], [197]. In addition, colloidal spheres
with size ranging from several hundred nanometers to several microns can be easily obtained

facilitating the fabrication of IR plasmonic devices with great tunability.

With regard to plasmonic materials, gold (Au) and silver (Ag) are the two most widely used

materials in a broad range from visible (VIS) to IR and even in terahertz (THz) regions.
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Among the other materials, aluminum (Al) is another widely used plasmonic material. How-
ever, so far, the use of Al for plasmonic devices is only explored in the UV-VIS[61], [63],
[65], [198] range because large losses of Al in NIR and MIR are considered to be disad-
vantage. In particular, because of its highly negative real part of permittivity in IR region[31],
[76], Al could be considered as a promising candidate for IR plasmonic devices. Recently, Al
has been used for dual-band absorption of mid-infrared metamaterial absorber using two pairs
of circular-patterned metal—dielectric stacks[199], and for multispectral IR plasmonics device
by exploiting native Al,O3 oxide layer as an insulator between two Al metallic layers to form
MIM structure[200]. However, these Al IR plasmonic devices were limited to cost-effective

due to employing the UV and electron beam lithography processes.

In this work, we show a facile method to fabricate large-scale perfect absorber based on
plasmonic metamaterials in MIR region using aluminum. A MIM aluminum perfect absorber
(AI-PA) structure on a silicon substrate consists of an Al film as a back reflection planar layer,
an insulator of Al,O3 in the middle and the Al disks or Al holes array on the top. The parame-
ters of the MIM AI-PA, including the periodicity, thicknesses of the transparent Al,O3 and
the Al disk (holes) resonator layers, were optimized by rigorous coupled wave analysis
(RCWA). The fabricated Al-PAs have nearly perfect absorption (c.a. 98%) with narrow band
width (FWHM = 0.75 um) and the resonance wavelength were tuned from 3 um to 9 um by
adjusting the geometrical parameters. In the applications of the Al-PAs, we demonstrate the
selective thermal emitters with single-narrow band emissions, and show a tentative result on
SEIRA targeting the amide-11 vibrational band of bovine serum albumin (BSA) molecules. In
addition to that, with simple and inexpensive fabrication method, the IR PAs can be achieved
on the flexible metallic substrates such as an example of Al-PAs on a 0.2 mm Cu plate, which

was used as the bottom metallic layer. It is expected that the use of Al in IR and the fabrica-
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tion technique developed in the present work can be extended in many other plasmonic appli-

cations in IR.

5.2. Design, simulation and fabrication of the metal disk-insulator-metal film perfect

absorber ranging from VIS to IR

In this section, we show the design, simulation and fabrication of the AI-MIM PAs with top

Al layer is a circular disks array.

5.2.1. Proposed structure and its optical properties
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Figure 5.1. (a) Schematic design of the AI-PA with definition of a unit cell and parame-
ters: periodicity (lattice constant) p, diameter of Al disk resonator d and insulator thick-
ness t. The incident electromagnetic fields propagate along the z axis and the electric field
is parallel to the x axis. (b) Simulated spectra of a typical Al-PA with p=4.4 um,d =3.3
pm, and t = 0.2 um, show the absorption efficiencies of the two resonance peaks at 4.16
pm and 8.65 pm with their absorption efficiencies were 97 % and 100 %, respectively.

The proposed MIM disks Al-PA structure is shown in Figure 5.1a: a hexagonal array of Al
disks as resonators on the top and an Al film at the bottom, are separated by an Al,O3 insula-
tor. The Al back plane film is chosen to have a thickness of about 100 nm to eliminate trans-
mission of infrared radiation through the structure, and it also serve as a joule heater when

current was applied to study thermal emissions from the samples. In the present Al-PA devic-
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es, the thickness of Al disk resonator was fixed at 0.1 um, and the resonance wavelength and
absorptivity of the MIM structure are therefore mainly controlled by tuning the periodicity p,
the diameter of resonator d and the thickness of the isolator t. For example, Figure 5.1b
shows typical simulated spectra of an Al-PA structure with its parameters of p = 4.4 um, d =
3 um, and t = 0.2 um. The RCWA method was used to calculate the simulated spectra of Al-
PAs. The dielectric functions of Al, Au, Ag, W, and Si were taken from the literature[76],
[31]. The dielectric function of Al,O; was taken from literature[31]. The model of Al-PAs
device was performed in a cad layout (RSoft CAD) with the unit cell as shown in Fig. 5.1a.
The excitation electromagnetic field propagates along Z axis and the electric field oscillates
along X axis (Fig. 5.1a). The index resolution was set to 10nm. The absorption at wavelength
A is given by: A(A)=1—R(1)-T(1), where R(1) and T(1) are the reflection and transmis-
sion of the structure, respectively. It was found that, the transmission of the Al-PA structure
with a 100 nm Al back plane film is almost zero, therefore, the absorption of an Al-PA struc-

ture is simply given by A(/1):1— R(}t). We can see that the proposed structure has two nar-
row resonance bands, a short-wavelength 4, at 4.16 pm with an absorption efficiency of
97.2 %, and a main resonance long-wavelength A, at 8.65 pm with absorption efficiency up

to 100 %.

As mentioned, Al also has a good metallic property in the IR range with more negative real
part of permittivity than Au, Ag and tungsten (W) which is often used for thermal emitter
(Fig. 5.2a). For comparison, the simulations of the absorption efficiency of Au, Ag and W
were also performed and shown in Fig. 5.2b. The results indicate perfect absorption can be

achieved even with lossy metallic Al and W which are not common materials in plasmonics.
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Figure 5.2. (a) Dielectric functions of common plasmonic materials (Au and Ag) and los-

sy metallic Al and W and (b) Their perfect absorption properties.
To elucidate the optical properties of the Al-PA, further simulations were performed as
shown in Fig. 5.3. The resonance frequencies of the Al-PA are tuned by changing the diame-
ter of the Al disk (Fig. 5.3a) or the periodicity (Fig. 5.3b). As we can see in Fig. 5.3a, with
the periodicity and isolator thickness fixed, the long-wavelength resonance A4, is gradually
increased by increasing the size of the Al disk, while the short-wavelength resonance 4, is
hardly dependent on the size of Al disk d when d is small compared to the resonance wave-
length - 4,. In particular, when d is comparable to the resonance wavelength -4, , the short-
wavelength resonance 4, is slightly dependent on the Al disk size d. In contrast, opposite be-
haviour is observed for the effect of the periodicity as shown in Fig. 5.3b. Long-wavelength
resonance A, has little dependence on the periodicity while the short-wavelength resonance
A, gradually shifts toward longer wavelength when the periodicity increases. For a periodic
plasmonic structure, the coupling between surface plasmon (SP) and photonic mode could
induce a shape resonance[201]-[203]. In Al-PA device, the short-wavelength resonance 4, is

related to SP — photonic coupling (or delocalized plasmon)[174], [204] which strongly de-
pends on the periodic property. The coupling between SP and photonic modes is stronger

when the size of Al disk d is comparable to the resonance wavelength as indicated above. On
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the other hand, the long-wavelength resonance A, is related to the localized surface plasmon
(LSP) resonance, which is strongly dependent on the size of the Al disk. Furthermore, the di-
pole oscillation of the free electron in the top Al disk resonator induces an anti-parallel dipole
oscillated at the back plane layer, resulting in the formation of an electric current loop, which
perform as a magnetic dipole. Thus, this type of resonance is often named as “magnetic

mode” in MIM perfect absorber structures.
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Figure 5.3. Simulated optical properties of the designed AI-PA. (a) The size-dependent
resonance frequencies of resonator of the Al-PA. The periodicity of the Al-PA was fixed
at 4.4 um. (b) The periodicity-dependent resonance frequencies of the Al-PA. The reso-
nator of Al-PA was fixed at 3.3 um. (c) The polarization-independent resonance frequen-
cies of the Al-PA. (d) Slightly red-shift of AI-PAs spectra by increasing the thickness of
Al resonator. The periodicity, diameter and the thickness of insulator layer were 4.4 pm,

3.3 um and 0.2 um, respectively for the both (c) and (d).

An advantageous point of the hexagonal structure is its polarization independence. Figure

5.3c shows the simulated results of the polarization-independent resonance frequencies in Al-
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PA device. It is clear to see that both resonance frequencies stay unchanged with changing
polarization from 0 to 90°. It holds great advantage in many applications where non-polarized
light source such sunlight is preferred to achieve high absorption efficiency since polariza-

tion-independent Al-PA structure is high azimuthal symmetry.

0 2 0
X [um] X [um]

2

Figure 5.4. (a-c) and (d-f) Electromagnetic field distributions in Al-PA structure under
polarized excitation at magnetic resonance at SP-photonic coupling mode (4.26 um) and
magnetic mode (8.65 um), respectively. The electric fields propagate along Z axis and 0s-

cillate in X direction. The electromagnetic incident fields were normalized to 1.

To further clarify the original of these two modes in the Al-PAs structure, the electro-
magnetic field distributions were performed using FDTD method as shown in Fig. 5.4. The
incident electromagnetic field amplitudes were normalized to 1. Figure 5.4a-c show simulat-
ed electromagnetic field distributions of the SP — photonic coupling at 4.16 pum. The en-
hanced electric field Ex in the incident wave plane is located at the edges of Al disk resonator

with an enhancement factor of 8 (Fig. 5.4a), indicating the weak SP resonance. Three mag-
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netic hot-pots in the insulating layer indicated the magnetic fields are oscillated in different

phases, which are induced by the coupling between SP and photonic mode when the size of

the Al disk (3.3 pm) is comparable with resonance wavelength - 4, (4.16 pm). The induced

electric field E; indicated SP — photonic coupling shows the hot-pots related to the charges

motion in the three electric loop-likes (Fig. 5.4c). In contrast, the electromagnetic fields were

strongly enhanced under magnetic mode excitation at 8.65 um (Fig. 5.4d-f). The electric field

Ex in the incident plane is enhanced by 26 folds and located at the edges of the Al disk (Fig.

5.4d), while magnetic field is enhanced by a single electric loop current in the isolating layer

(Fig. 5.4e). The induced electric field E; shows clearly the hot-spots are related to the charges

motion in the electric loop-like (Fig. 5.4f).
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Figure 5.5. Wide-range tunability of the Al-PAs. (a) Simulated the dependence of the ab-
sorption efficiency on the isolator thickness in the case where p = 4.4 ym, r = 3.3 um.
The dashed oval shows highest absorption efficiency corresponding to the insulator
thickness of about 200 nm. (b) Simulated the tunable resonance frequencies at magnetic
mode ranging from 0.5 — 9 um by tuning the size of Al disk with the suitable periodicity -
p (or suitable PS spheres with variable diameters ranging from 0.2 um to 4.4 um,) and

isolator thickness t.
As we described above, the resonance wavelength of the Al-PA is strongly depended on
the size of the Al-disk resonator. Here, the detail analyses of the tenability of the Al-PA

resonance frequencies are provided as shown in Fig. 5.5. Firstly, Fig. 5.5a shows the

113



optimization of absorption efficiency of Al-PAs by tuning the thickness of the insulator.
Figure 5.5b shows the simulated evaluation for the tunable ability of resonance of the
Al-PAs at magnetic resonances ranging from 0.5 - 9 um. The thicknesses of Al back
plane was 0.1 um. The thickness of Al disk resonators were 0.1 pum for IR range and
0.04 um for VIS range. It was found that, by choosing the suitable periodicity (available
PS spheres) and tuning the Al disk resonator with the optimized isolator thickness, we
can tune resonance wavelength of the AI-PA in a wide range from VIS to long-
wavelength IR as shown in Fig. 5.5b. For example, a perfect absorber at 6.8 um can be
achieved by choosing the periodicity, Al disk resonator and insulator thickness to be 3.0

pm, 2.1 um and 0.15 pm, respectively.

5.2.2. Fabrication of Al-PAs using conventional colloidal lithography

Figure 5.6. Illustration of the fabrication process. (a) Sputtered Al-Al,Os-Al film on a Si

(100) substrate. (b) Self-assembled monolayer of PS spheres in close-packed hexagonal
arrays. (c) Shrank PS mask after the RIE process with oxygen. (d) Final structure of the
device after RIE of Al top layer and removal of the PS mask.

We realized large-scale IR plasmonic Al-PAs by combining colloidal lithography with RIE

technique. The detailed step-by-step fabrication process is shown in Fig. 5.6. Firstly, a lay-
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ered Al-Al,O3-Al films were deposited on top of Si (100) substrate using DC and RF sputter-
ing methods (i-Miller CFS-4EP-LL, Shibaura) (Fig. 5.6a). The thicknesses of films from bot-
tom to top were optimized as discussed in the previous subsection. The layered film was then
coated with a monolayer of polystyrene spheres with suitable sizes (Polybead® Polystyrene
Microspheres - Polysciences) to form a close-packed hexagonal array for a lithography mask
(Fig. 5.6b). To form a monolayer of PS on Al-Al,Os-Al films, firstly, the sputtered films on
Si substrates were aligned in a plastic box placed in a 10° tilled angle, then the plastic box
was filled up with deionized water. A monolayer of PS spheres was created onto water sur-
face by using a glass slide tilled at 30°, and then by using a micro-pump to drain the water in

plastic box, this monolayer of PS spheres was finally formed on the sputtered Al-MIM films.
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Figure 5.7. (a-c) SEM images of PS at different etching time. The scale bar is 5 pm for
each image. (d) Size of PS mask as a function of etching time with the etching rate of
about 3.1 nm/ second.
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The size of the PS mask was shrunk by RIE process using oxygen gas (20sccm, APC pres-
sure 1 Pa, antenna RF power 200 W, bias RF power 5 W, Ulvac CE-300I) (Figure 5.6c). The
Al disk resonators were formed by etching the masked Al top layer at an etching rate of 0.82
nm/ second (dual-gases BCI3/Cl,, 3/3 sccm, APC pressure 0.15 Pa, antenna RF power 50 W,
bias RF power 10 W, Ulvac CE-3001). The MIM Al-PAs were finally formed by removing
the PS masks and carefully cleaned by toluene and methanol (Fig. 5.6d). The resonance of
Al-PA can be readily tuned by changing the size of the PS mask with precise control of the
etching time as SEM images shown in Fig. 5.7. The etching rate of PS mask was estimated to

be 3.1 nm/ second (Fig. 5.7d).

o< defects::

Figure 5.8. SEM images of three typical fabricated Al-PAs with their resonances as de-
signed: (&) S1 (p = 1.1 um, d =0.7 um, t = 0.05 pum) at 2.85 pum, (b) S2 (p =3.0 um, d =
1.7 um, t = 0.15 pum) at 5.67 pum and (¢) S3 (p = 4.4 um, d = 3.3 um, t = 0.2 um) at 8.65
pum. The scale bar is 5 um for each image. (d) Typical defects of the fabricated samples.
The inset in (b) is a photograph of a fabricated Al-PA of 2x3 cm?.
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Following the rule of the tunable ability of resonance by tuning Al resonator size as shown in
Figure 5b, we experimentally fabricated an array of Al-PAs with resonance spectra tuned in
IR range using the fabrication method presented before. Figures 5.8a-c show SEM images of
the three fabricated Al-PAs (samples S1, S2 and S3). Figure 5.8d shows some typical defects
of the fabricated sample causing by colloidal lithography method. These samples were fabri-
cated on 0.5x3 cm? area on Si (100) substrates. Inset of Fig. 5.8b shows a photograph of Al-
PA sample fabricated on a 2x3 cm? substrate. The periodicity p, Al disk diameter d and
thickness of Al,O3 insulator were chosen to realize narrowband resonances at 2.85 pm (sam-
ple S1-p=11pum,d=0.7 um, t = 0.05 um), at 5.67 pum (sample S2 - p =3.0 um, d = 1.7

pm, t=0.15 um) and at 8.65 um (sample S3-p=4.4 um, d = 3.3 um, t = 0.2 um).
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Figure 5.9. (a) Simulated and (b) Measured reflectance spectra of samples S1, S2 and S3
shown in Fig. 5.8.
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Figures 5.9a-b show the simulated reflectance and measured spectra of the three samples, re-
spectively. The reflectance spectra of the Al-PAs were taken using a Fourier transform infra-
red (FTIR) spectrometer (Nicolet iIS50R FT-IR Thermo Scientific) with a liquid-nitrogen-
cooled mercury cadmium telluride (MCT) detector and a KBr beam splitter. The experi-
mental data were in good agreements with the simulation where the highest absorption effi-
ciency as high as 97.5 % (reflectance 2.5 %) was observed for sample S2. It is noted that the
SP-photonic coupling becomes weak when the periodicity is imperfect, which is often the
case with colloidal lithography method. As we can see, while the simulated spectrum of sam-
ple S3 shows 97.2 % absorption efficiency at 4.16 um, the fabricated sample shows a lower
absorption efficiency of 68 %. The target of our work is to achieve narrow bandwidth and
single mode thermal emission devices. Therefore, the nature of colloidal lithography is ad-

vantageous for our purpose.
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Figure 5.10. Incident angle-dependent resonance spectra of Al-PA. (a) Simulated and (b)
Measured results for the case of S3 (p = 4.4 um, d = 3.3 um, t = 0.2 um, magnetic reso-

nance at 8.65 pm).
Furthermore, Al-PA is expected to be a wide-angle perfect absorber where it shows high ab-
sorption efficiency in a wide-range incident angle. Figure 5.10 show the simulated (Fig.

5.10a) and measured (Fig. 5.10b) results for the case of S3 (p = 4.4 um,d =33 um, t=0.2
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pm, magnetic resonance at 8.65 um). As we can see in both of the simulation and measure-
ment, the peak position and absorption efficiency of the SP-photonic coupling mode (4,) is
strongly dependent on the incident angle as expected, while the main magnetic mode (A4,)
shows the unchanged peak position and high absorption efficiency in a wide-range from 0" —
70°. In addition, at the tiled-incident excitation, the momentum projection on Z direction of
the excited light can be tuned to matching with certain magnetic modes as shown in the simu-
lation result with a longer-wavelength mode appeared at 10.5 - 11 um, while it is slightly ap-

peared in the measurement result.

5.3. Al-PAs based selective thermal emitters
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Figure 5.11. Al-PA based thermal emitter. (a) Photo and (b) Schematic of an Al-PAs

thermal emitter device. (c) Simulated and measured reflectance spectra of an Al-PA de-

signed at magnetic resonance of 7.26 um (p = 4.4 pm, d = 2.3 um, t = 0.2 pm). (d) Emis-

sion from Al-PA thermal emitter at different temperatures ranging from 75 — 300 °C.
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In this section, we describe the thermal radiation from the Al-PAs, which are expected to be
narrowband emissions. For a demonstration, we design an Al-PA thermal emitter with pa-
rameters of p = 4.4 um, d = 2.3 um, t = 0.2 um, to have a resonance frequency of 7.26 um at
magnetic mode (Fig 5.11c). The Al-PA was fabricated on 0.5 x 3 cm? area on Si (100) sub-
strates by the technique described before. Two 100-nm thick gold films were deposited onto
the two Al contacts by thermal deposition. A photo and the schematic of the Al-PA thermal

emitter device are shown in Fig 5.11a and Fig 5.11b, respectively.
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Figure 5.12. (a) Simulated and (b) Measured reflectance spectra of the samples S3a-d. (¢)
Emission spectra of samples S3a-d heated at 250°C. The peak positions of the emissions
match to the dips in reflectance spectra. (d-g) SEM images of the fabricated samples S3a-
d, respectively. The scale bar is 5 um for each SEM image.
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To characterize the thermal radiation of Al-PAs, the fabricated Al-PA was heated by applying
a sufficient current on the back plane Al through Au contacts. Then the thermal radiations
from AI-PA emitter was collected by an FTIR spectrometer (Thermo Nicolet Nexus 670 FT-
IR spectrometer, KBr beam splitter, MCT detector) equipped with two external concave Al
mirrors to guide emission from Al-PA emitter to spectrometer. As we can see in Fig 5.11d, a
single emission was achieved from Al-PA device at different temperatures ranging from 75 -
300 °C in ambient air. It could be noted that, the emission wavelength was identical to ab-

sorption wavelength, which clearly follows Kirchhoff’s law of thermal radiation.

In order to demonstrate the selective thermal emission using Al-PAs, we designed four Al-
PAs where the resonance wavelengths are at 6.73 um (S3a withp=4.4 um,d =21 um, t =
0.2 um), 7.46 um (S3b with p = 4.4 um, d = 2.5 pm, t = 0.2 um), 8.15 um (S3c withp = 4.4
pm, d = 2.9 um, t = 0.2 um) and 8.65 (S3d with p = 4.4 ym, d = 3.3um, t = 0.2 um), respec-
tively. Figure 5.12a shows the simulated reflectance of the Al-PAs with the absorption effi-
ciency higher than 96 %. Figure 5.12b shows the measured reflectance spectra of the fabri-
cated devices. The measured spectra show high absorption efficiency at magnetic resonance
modes, which match very well to the simulations. Figure 5.12c shows the normalized emis-
sion spectra of the Al-PAs at 250°C in ambient air. Our experimental results demonstrate the

tenability of the narrow-band thermal emission by tuning the size of the Al disk resonators.

5.4. Al-PAs based surface-enhanced infrared spectroscopy

In this section, we demonstrate another application of Al-PAs as a plasmonic infrared antenna
for SEIRA. A tentative result on sensing of BSA molecules adsorbed on Al,O3/Al surface

expected that our Al-PAs can be used as an active SEIRA substrate for vibrational sensing.
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Figure 5.13. Vibrational sensing of BSA molecule adsorbed on Al surface using Al-PAs
as a SEIRA substrate. (a) Simulated resonance spectra of Al-PAs with different resonator
(p =3 um, t = 0.15 um) in which AI-PAs resonance covered vibrations of molecules. (b)
Simulated reflectance of an AlI-PA (p = 3 um, d = 1.9, t = 0.15 um) with resonance of
6.46 um for sensing amide-1lI band of BSA molecule. (c) Reflectance measurement of
BSA-adsorbed Al-PA. (d) Vibrational signals of BSA molecules adsorbed on Al planar
film with ATR (blue), or on Al planar film (dash red) and Al-PA (sloid red) with normal
reflection configurations.

The matching between resonances frequencies (wavelengths) of Al-PAs with vibrational fre-
quencies of the molecules allows Al-PAs can be used as the plasmonic active antenna for vi-
brational sensing. Figure 5.13a shows the simulated resonance spectra of Al-PAs with differ-
ent Al resonators (p = 3 pum, t = 0.15 pum) covering a wide-range in MIR, which are over-
lapped on the vibrational of most common molecules. As we can see in this Fig. 5.13a, bo-
vine serum albumin (BSA), a serum albumin protein, has two strongest vibrational bands lo-
cated at 1662 cm™ (amide-1) and 1548 cm™ (amide-I1). In this work, we describe a sensing of
BSA molecules adsorbed on Al,Os/Al surface by SEIRA using Al-PA with resonance wave-
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length of 6.46 pm (1548 cm™) (Fig. 5.13b) for targeting amide-II band. The parameters of
fabricated sample were p = 3 um, d = 1.9, t = 0.15 pum. For the comparisons, an Al planar

film (100 nm thickness) was also fabricated at the same time of sputtering.

First, cleaned Al-PA and Al films were treated under oxygen plasma (100 W) for 30 second
to remove any organic molecules contaminations, and to support a formation of Al,O3 layer
on Al surface. This process is also needed to form positively charged Al-hydroxyl surface
groups on Al,O3; oxide layer. Then, the treated Al surface samples were soaked in to BSA
solution (Sigma Aldrich, 10 M in water, pH = 6.9) for 24 hour, and rinsed in distilled water
and finally dried under a stream of nitrogen gas. The adsorption of BSA molecules on Al,O3
was formed via binding between the negative charges of the protein with the positively
charged Al-hydroxyl surface groups[186]. As we can see in Fig. 5.14a showing an SEM im-

age of BSA molecules adsorbed on Al-PA.

BSA on Al disk
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Figure 5.14. (a) SEM image of BSA adsorbed on Al-PA shows that BSA molecules are
adsorbed on Al-PA surface. There is no molecule at the center of Al disk where Al-Al,O4
surface was modified during etching process. (b) Simulated electric field distribution on

Al-PA under resonance excitation at magnetic mode -1548 cm™.
The FTIR spectra of BSA molecules adsorbed on an Al planar film was taken using ATR
configuration (Nicolet ISS0R FT-IR, DTGS-ATR detector and KBr beam splitter) in which
its sensitivity is expected to be higher than that of normal transmission or reflection configu-
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rations. The FTIR spectra of BSA molecules adsorbed on another Al planar film and Al-PA
were taken using normal reflection configuration (Nicolet iS50R FT-IR, MCT detector, KBr
beam splitter). Figure 5.13c presents reflectance spectra of BSA adsorbed AI-PA substrate
with two amide bands and resonance spectra of Al-PA targeted to amide-11. Figure 5.13d
shows relative reflectance vibrational signals of BSA molecules adsorbed on Al planar film
under ATR configuration (blue), on Al planar film (dash red) and Al-PA (red) under conven-
tional reflection geometries. It was found that, the relative reflectance of vibrational signals
of BSA molecules adsorbed on Al film are below 0.1 % for both two amide bands in case
ART configuration, and the signal intensity of amide-Il is smaller than amide-I. In case of
normal reflection configuration with low sensitivity, there was almost no signal from BSA
adsorbed on Al planar film, but strongly vibrational signals were observed from BSA ad-
sorbed on Al-PA. As we can see in Fig. 5.13d, the relative reflectance intensity of amide-I is
8.6 %, while with strong electric field enhancement at resonance of Al-PA by 30 folds under
resonance excitation at 1548 cm™ (Fig. 5.14d), the relative reflectance intensity of amide-1I
is as strong as 37%. It is noted that this value is far higher than that signal of amide-I. Thus, it
is expected that, by using Al-PA as a SEIRA substrate, the vibrational signals from BSA
molecule were strongly enhanced and the relative intensity between amide-1 and amide-I1 can

be controlled by using Al-PA with resonance targeted to certain vibrational frequency.

5.5. Al-PAs on Cu plate

It is desirable to have a large scale perfect absorber device on any cost-effective substrate for
multiple applications. By using present colloidal lithography method and combining with
other metallic plates like Al, Cu, stainless steel, we are able to carry out a large scale perfect
absorber device. In this section, we demonstrate the design and fabrication of the aluminium

perfect absorber consists of an Al disk resonator on top layer, an Al,Oj3 insulator and Cu plate
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as a back-plane substrate. This structure also shows high performance perfect absorber, but it

is simple and more inexpensive since it uses a cheap Cu plate and do not require Al back-

plane layer.
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Figure 5.15. (a) Schematic of Al-PA using Cu plate. (b) Simulated absorption spectra of
Al-PA on Cu plate with different Al resonator for the 3 um periodicity and 0.15 pum thick

Al,Oj insulator.
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Figure 5.16. (a) SEM image of AI-PA on Cu plate, the inset shows a photo of fabricated
sample. (b) Reflectance spectra of three fabricated Al-PAs on 0.2 um Cu plate.

The schematic of Al-PA on Cu plate is shown in Fig. 5.15a. Figure 5.15b shows the simulat-
ed absorption spectra of Al-PA on Cu plate with different Al resonators for the case of 3 um
periodicity and 0.15 pm thick Al,O3 insulator. The dielectric functions of Al and Cu were
taken from the literature[76]. The dielectric function of Al,O3 was taken from literature[31].

It was found that, this simple structure also gives high performance perfect absorption proper-
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ty compared to previous Al-Al,O3-Al structure on Si substrate. For a demonstration, we fab-
ricated Al-PAs on a 0.2 um thick and 3x3 cm? size Cu plate. Figure 5.16a and the inset show
an SEM image and a photo of the fabricated sample (S1). Figure 5.16b shows the reflectance
spectra of three fabricated samples (S1, S2, and S3) with different Al resonators sizes. It is
noted that, even the Cu plate has a roughness surface but it showed absorption efficiency as

high as 95 % for the case of sample S1.

5.6. MIM holes Al-PAs based dual-band perfect absorber

To continuous employing the colloidal lithography method in order to develop other perfect
absorber structures, we propose MIM holes Al-PAs using Al holes array on top metallic layer.
This section presents our study on the design, simulation and fabrication of Al holes MIM
dual-band infrared perfect absorber. This structure and present fabrication method also can be

applied for VIS range by using suitable structure parameters.
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Figure 5.17. (a) Schematic of Al holes-Al,Os-Al MIM perfect absorber. (b) Simulated
spectra of MIM holes Al-PAs with two perfect absorption bands at 3.5 pm and 4.7 pum in
case 3 um periodicity, 1.8 um Al hole size, 0.7 um thick insulator, and 0.1 pum thick top
and bottom Al layers.

Figure 5.17a shows a schematic of the proposed MIM holes Al-PAs structure composed of an

Al holes array on the top, an Al film at the bottom as the back-plane layer, and an Al,O3 insu-
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lator between two metallic layers. Figure 5.17b shows the simulated spectra of MIM holes
Al-PA with 3 um periodicity, 1.8 um Al hole size, 0.7 um thick Al,Os insulator, and 0.1 pum
thick top and bottom Al layers. It was found that, the simulated spectra show dual perfect ab-
sorption band located at 3.5 um and 4.7 um, which could be related to SP-photonic coupling
mode and magnetic resonance mode, respectively. By choosing different periodicity and con-
trolling Al holes sizes as well as Al,O3 thickness, it is able to turn resonance of the MIM
holes Al-PAs from VIS to MIR regions. Figure 5.18a shows the variable resonances in IR
region of MIM holes Al-PAs with different periodicity and Al holes sizes. In this simulation,
the hole size was fixed to 0.6p, the thicknesses of top and bottom layer were the same of 0.1
pm, and the thickness of insulator was 0.7 um. Figure 5.18b shows the simulated spectra of
three MIM holes Al-PAs (PAL with p = 0.5 pm, d = 0.38 pm, t = 0.11 pm, PA2 withp = 1.1
pm, d = 0.77 pm, t = 0.3 um, and PA3 with p =3 um, d = 1.8 um, t = 0.7 um) in which their

resonances are ranging from VIS to MIR regions.
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Figure 5.18. (a) Simulated absorption spectra of MIM holes Al-PAs with variable of peri-
odicity p and Al holes sizes (d = 0.6p). Thicknesses of top and bottom Al layers were 0.1
pm, and thickness of insulator was 0.7 pm. (b) Simulated reflectance spectra of three
MIM holes Al-PAs with resonances ranging from VIS to MIR regions. Parameters of
these three Al-PAs are: PA1 p = 0.5 um,d =0.38 pm, t = 0.11 um; PA2 p=1.1 pm, d =
0.77 um, t =0.3 um; and PA3 p=3 um,d =218 um, t = 0.7 pm.
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We carried out MIM holes Al-PAs using colloidal lithography method. The detailed fabrica-
tion process of the MIM holes Al-PAs is shown in Fig. 5.19. First, we fabricated layered
AlL,O3-Al planar film on 1x1 cm? Si (100) substrate with optimized thicknesses using sputter-
ing deposition. The sputtered AI203-Al film was then coated with a monolayer of PS spheres
array as mask layer (Fig. 19a). The size of PS mask was shrunk using RIE process with the
etching rate of 3.1 nm/ second (Fig. 19b). Then Al holes array was formed using electron
beam or thermal deposition (Fig. 19c). The MIM holes Al-PAs was finally created by remov-
ing PS mask by using a sticky tape or sonication process, and then cleaned by toluene and
methanol solutions.
(a) (b)

PS spheres on /
sputtered ALO,/Al films = RIE of PS
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ALO,
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Figure 5.19. Illustration of fabrication process of MIM holes Al-PAs. (a) SAM of PS

sphere on layered Al,Os-Al films. (b) RIE process to reduce PS mask size. (c) E-beam or

thermal deposition of top Al layer. (d) Forming of MIM holes Al-PAs by removing PS
mask.

The fabricated samples were characterized by SEM. Figures 5.20a-d show SEM images of
four fabricated MIM holes Al-PAs with different Al holes sizes (S1: p=3 um, d =2.5 um, t
=0.7um,S2: p=3um,d=22um, t=0.7 um, S3: p=3 um, d =1.9 ym, t = 0.7 pum, and
S4:p=3um, d=1.65pum,t=0.7 um). Figure 5.20e-f show typical defects of the fabricated

samples. In these defects, the vacancy defects and stressing defects at boundaries between
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domains are formed during SAM process of PS, while the roughness at the edges and the
asymmetric of Al holes and periodicity (shifting) are formed during etching process of PS

mask. These unwanted defects could reduce the quality of the fabricated MIM holes Al-PAs.
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Figure 5.20. SEM images of four fabricated MIM holes Al-PAs. (a) S1: p=3 um,d =25
pm, t=0.7 um. (b) S2: p=3um,d =22 um,t=0.7 um. (¢) S3: p=3 um,d = 1.9 um, t
=0.7 um. (d) S4: p =3 um, d = 1.65 um, t = 0.7 um. (e) and (f) Typical defects in fabri-
cated MIM holes Al-PAs.

Figure 5.21 shows the simulated and measured reflectance spectra of four designed samples.
It was found that, both simulation and measurement results are show dual-band perfect ab-
sorber, and these two bands are closed and degenerated into a broad band when the size of Al
holes increased. There is a slightly difference at magnetic modes (around 4.5 pum) between
simulation and measurement results. In addition, the absorption efficiencies of the fabricated
samples are bellow 90%. These might cause by the defects as shown in SEM images (Fig.
5.20e-f). However, the result indicates that dual-band perfect absorber can be simply realized

using MIM Al holes structure and colloidal lithography fabrication technique. This structure
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and fabrication method can be applied to others metallic materials based MIM holes perfect

absorber by simple replacing Al by those metals.
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Figure 5.21. (a) Simulated and (b) Measured reflectance of four Al-PAs holes MIM de-
vices. S1: p=3um,d=25um,t=0.7 um; S2: p=3 um, d = 2.2 um, t = 0.7 um; S3: p
=3um,d=19um,t=0.7 um; S4: p=3 um, d = 1.65 um, t = 0.7 pm.

We have proposed MIM Al holes based dual-band perfect absorber using simple fabrication
process. This structure can also be used for applications in SEIRA, selective thermal emitters

as well as MIM based photoconductive devices.

5.7. Broadband perfect absorber based on random gold nano-islands
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Figure 5.22. Proposed broadband perfect absorber for the efficient photocatalysis

130



In this section, we propose the design of the broadband MIM structure ranging from VIS to
IR regions. The proposed structure composes of a random Au nano-islands on the top isolated
to bottom Au film by a metal-oxide insulator film. Figure 5.22 shows the schematic design of
the MIM structure with proposed top resonator layer of Au nano-islands as shown in SEM
image. Because of its resonators have random size and shape distribution, the MIM can pro-
vide broad resonance ranging from VIS-NIR as the simulated results shown in Fig. 5.22b. In
this simulation, we used TiO, as an insulator layer in order to propose this MIM structure for
photocatalysis application. As seen that, by increasing the thickness of TiO, film, the reso-
nance of MIM can be shifted to NIR region and its absorption accepts full spectrum of solar
light. Therefore, the proposed broadband MIM structure can be applied for many applications
related to solar energy conversion, such as photocatalysis, thin-film solar cells, thermoelectric

and hearting devices.

5.8. Summary of Chapter 5

In conclusion, large-scale MIM disks and holes Al-PAs with flexible resonance-tunability in
MIR region have been demonstrated by a facile fabrication method based on colloidal lithog-
raphy combined with RIE processes. Simulations show that the hexagonal design of MIM
disks and holes AI-PA has fascinating optical properties with two narrowband resonances
with high absorption efficiency (up to 100 %). In these two resonance modes, the shot-
wavelength resonance is related to SP-photonic coupling while the long-wavelength reso-

nance is related to magnetic resonance.

In case of MIM disks AL-PAs, the short-wavelength mode is attributed to SP-photonic cou-
pling (delocalized plasmon) and is strongly dependent on the periodicity. While the other
mode, the long-wavelength mode related to LSP - electric dipoles coupling (magnetic mode)

is strongly dependent on the diameter of the Al disk resonator and is almost not dependent on
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periodic property. Furthermore, the SP-photonic mode was decline by a low-periodic struc-
ture fabricating by present colloidal lithography method, thus the fabricated Al-PAs showed
single-narrowband resonance at LSP - electric dipoles coupling mode, and it can be well-
controlled by RIE process. By controlling the size of Al disk resonator and choosing suitable
periodicity, the simulation results showed a rule to tune resonance wavelength of the Al-PAs
ranging from VIS to long-wavelength IR. Using this present colloidal lithography combined
with RIE technique, we fabricated large-scale Al-PAs with narrowband resonance and wide-
range resonance tenability from 3 — 9 um. The fabricated Al-PAs device showed excellent

optical properties with absorption efficiency up to 98%.

In the selective thermal emitting application of the MIM disks Al-PAs, the emissions showed
highly selective thermal and single-narrowband emissions. Futhermore, this Al-PAs can act
as IR active plasmonic antenna for SEIRA application as shown in a tentative result on the

vibrational sensing of BSA molecules adsorbed on native Al,O3 surface.

With inexpensive fabrication method, the Al-PAs with large scale device can be formed on
many different substrates even on Cu plate or other substrates depended on the application.
We expected that our MIM disks and holes Al-PAs can be applied for many other applica-
tions in NIR and MIR such as wavelength-selective infrared photodetectors, surface-
enhanced infrared absorption spectroscopy, IR plasmonic sensors, thermophotovoltaic as well
as photon harvesting devices. We believe that Al is an excellent plasmonic material in IR and

the fabrication method can be applied for the other class of devices.
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6. SUMMARY

In this dissertation, a variety of different plasmonic hybrids made of metal and metal oxide
ranging from VIS to IR were investigated using both numerical simulations and experimental
studies. Depending on the resonances of the plasmonic hybrids, the suitable applications have

been carried out.

In Chapter 2, the general introduction of plasmonics, including Drude model, the SPPs at in-
terface of metal-dielectric, Kretschmann configuration for optical excitation of SPPs as well
as the localized plasmon of metallic nanostructure were studied and numerically analysed us-
ing RCWA and FDTD methods. The RCWA and FDTD numerical simulations were intro-
duced and applied to examine the optical properties of the plasmonic Au-dimer. The near-
field enhancement in plasmonic nanogaps, and nonlinear electrons dynamic induced by in-
tense THz pulse in Au percolated film were also discussed. In addition, two plasmonic hy-
brids composed metal and metal oxide, including AUNC-TiO, and Au MIM nano-sandwich,
were introduced as the examples for demonstration of the plasmon-enhanced spectroscopy

and plasmon-enhanced photocatalysis.

In Chapter 3, we introduced the plasmonic hybrids consisted of nanogaps in which their elec-
tric field hot-spots were extremely enhanced in a nanoscale volume for the applications in
ultra-sensitive molecular sensing. We have carried out the floating aluminum bowtie antenna
with strong hot-spot at the gap for the SERS application. Furthermore, we also demonstrated
the in situ chemical synthesis of plasmonic hybrids of Au nano-islands and Au-patchy SiO,
core-shell particles with multiple nanogaps as SEIRA substrates, which were then applied in
the in situ FTIR molecular sensing. The experiment results on the in situ sensing of BSA and
GSH molecules as well as the detection of trace amount of mercury ions in water using these

plasmonic nanogaps hybrids showed nano-molar level sensing.
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In Chapter 4, we have introduced the chemically-synthesized metal-oxide ZnO NWs and
TiO, thin film for the photoelectric conversion applications. The p-n junction made of
ZnO/TiO, core-shell nanowire hybrid showed high perfomance of the UV photodetector with
a sensitivity of 250 A/W under UV illumination and 5 V bias. In the photocatalysis applica-
tion, the plasmonic metal NPs-ZnO NWs hybrid showed catalytic activity higher than that of
the pure ZnO catalyst by 2-3 folds. The mechanism of the plasmon-enhanced photocatalysis
in this nano hybrid catalyst was carefully investigated using both electromagnetic field simu-
lation and spectroscopic measurement. Here, metallic nanoparticles act as plasmonic antenna
with strong electric field enhancement at metal-ZnO interface in both UV and VIS excitation,
which plays as the near-field enhancement for the UV catalysis and the plasmon-induced hot

carriers for the VIS catalysis.

In Chapter 5, we have introduced a class of aluminum plasmonic perfect absorbers fabricated
by colloidal lithography method. The single-narrow band perfect absorber based on Al disks
MIM structures or dual-band perfect absorber based on Al holes MIM structures were care-
fully design using RCWA and the fabricated devices showed high absorption efficiency with
narrow bandwidth of 0.5 — 0.7 um in a wide range covering IR region. These Al-PAs were
applied for selective thermal emitters as well as SEIRA. In addition, the designs and the de-
veloped fabrication technique can be applied for VIS and NIR perfect absorbers as well as for

multi-purpose applications such as selective detectors or in solar energy conversion.

Overall, we have showed that, by adopting suitable technique to release plasmonic hybrids in
which their resonance ranging from VIS to IR ranges, we have carried out a variety of appli-
cations related sensing, photoelectric and thermal energy conversion. The design and fabri-
cated structures showed cost-effective by using chemical fabrication method or using abun-

dant plasmonic materials of aluminum.
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