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Chapter 1

General Introduction

Photoelectrochemistry, the conversion of sunlight to electrical or chemical (redox) energy, is a
promising technology to feasibly solve the energy problem that the global world faces in the future.
Since the discovery of photovoltaic phenomenon performed by Becquerel in 1839,' and was well
understood until Brattain and Garrett launched the modern era of photoelectrochemistry in 1954,% the
system of semiconductor materials of controlled impurity content contacting electrolyte exposed to
light has been attracted tremendous interest and attained continuous development. Worldwide
photovoltaic capacity has been reached to 227 GW in 2015, enormously exceeding 2.6 GW in 2004.3
And the direct production of electric fuels by utilizing solar energy, for example, the conversion of
abundant materials of H,O or CO; to fuels of H, or CH3sOH, is considered to possess promoted
competitiveness with fossil fuel. However, limitations such as high cost, inadequate sunlight
absorption and boundary of conversion efficiency remain to be solved for universal applications.

At present, crystalline silicon wafers with thickness around 180~300p m occupy mo
cell market and the major cost results from the silicon materials and processing. Therefore, thin-film
solar cells in scales of several micrometers or hundred nanometers that can be deposited on cheap
module-sized substrates such as glass or plastic are considered to have advantage, especially for scarce
materials such as In and Te with small quantities in Ea r t h '. dn addition, = tvariety of
semiconductors such as GaAs and CdTe have been exploited, but the small absorbance of near-
bandgap light limit their application. And as visible light (400 to 700 nm) possess a large percentage
in sunlight at Earth's surface with relatively high irradiance than infrared or ultraviolet light, techniques
that advance efficient visible light trapping inside thin-film solar cells enjoys considerable advantages.
The sensitization of solar cells by diverse dye molecules (DSSC) is a technically and economically
credible alternative concept to present day p—n junction photovoltaic devices,* but the temperature
stability of liquid electrolyte as well as costly ruthenium still ask for improved design for thin-film
solar cells.

Owing to quantum confinement, colloid semiconductor quantum dots (CSQDs) enjoy a
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considerable advantage of tunable electronic and optical properties with variation in size, shape and
composition though diverse synthetic techniques,>”’ so that CSQDs recently have been investigated as
sensitizer for thin-film solar cells thanks to their high light absorption cross sections as well as
enhanced stability compared with conventional dyes. Recent research hotspots have been focused on
multiple exciton generation of narrow bandgap CSQDs, which is a process that a high energy photon
excites more than two pairs of electrons or holes in semiconductor and credibly exceed the Shockley-
Queisser limit of ~33% by traditional photoenergy devices.®*!

Another encouraging approach to enhance photon trapping is the metallic nanostructure supporting

localized surface plasmonic resonance (LSPR). The nobl e metal’'s free el ectr
phase with the varying electric field of the incident light, giving rise to an intensive local electric field,
which powers the excitation of more electrons and holes®® and consequently break a limit of
photoenergy conversion via changing photoenergy localization by simply changing the structure of

the metal at the nanometer scale.13: 14

1.1 Semiconductor quantum dots

The investigation of materials at the nano-scale has gained a great deal of interest as it fills the gap
between bulk and atoms or molecules, thus improving our understanding of fundamental chemical and
physical properties and advancing new applications related to photon absorption such as photoenergy
conversion, diode emitter and molecular detection. Lead chalcogenide CSQDs enjoys the advantage
of narrow bandgap energy, e.g. 0.41 eV for lead sulfide (PbS) QDs, so that quantum confinement
and/or multiple exciton generation can be easily obtained and sensibly they can be adapted to match

the bandgap value of TiO, which is ideal for a single junction solar quantum converter.*



1.1.1 Fundamental concepts related to CSQDs

Properties of bulk PbS

Bulk PbS is a compound that has a rock salt structure with a lattice constant a =
5.936 A, as shown in Figure 1.1. It is available in nature in a highly symmetrical

crystallized form. Pb?* and S? ions occupy the lattice sites in the rock-salt

crystal structure alternatively.’® Each Pb atom is surrounded by 6 atoms of S,
which are arranged at the corners of the surrounding octahedron and viceversa. The Bravais lattice has

an fcc Brillouin zone with a Pb ion at (0 0 0) and a S ion at (*2 %2 %).

Quantum confinement

When the radius of the nanoparticle (NP) is smaller than the exciton Bohr radius (Rey, as given in Eq.1),
the nanoparticle behaves as quantum dots and exhibit quantum-confinement effects, that is the
continuous energy spectrum becomes discrete, the bandgap increases, and thus nonlinear optical
properties are expected to be greatly enhanced, as Figure 1.2 illustrated.
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Figure 1. 2. (Left) Linear absorption spectra of a series of PbSe QDs with series average diameter.
Strong excitonic absorption and a blue-shift of the onset are signatures of quantum confinement in
NCs. (Middle) In NCs the quantum confinement produces discrete states in the conduction and valence
bands. (Right) Transitions between these states can be seen in the absorption spectrum.*’

As the key properties of bulk PbS and CdSt® summarized in Table 1.1, PbS has a relatively larger
dielectric constant, comparable and smaller electron and hole effective masses, which leads to a larger
exciton Bohr radius of exciton (Rex = 18 nm) than that of CdS (Rex = 3 nm), and a strong regime of

confinement where both electrons and holes are more easily confined in PbS QDs.

Table.1.1 Electronic properties of bulk PbS and CdS

Band gap Effective mass Static dielectric constant Bohr radius
Eg(300 K) eV Me Mh & Rex NM
PbS 0.41 ~0.1mo 0.1mo 170 18
Cds 2.53 0.2mo 0.7mo ( ), 5mo( ) 8.9 3

mo is the electron mass in vacuum.

In addition, PbS with a bulk bandgap of 0.41 eV at 300 K, quite smaller than that of CdS (2.53 eV),
presents excellent size tenability across the near infrared region, and PbS QDs with size variation are
easily prepared with inexpensive and relatively safe synthesis. The combination of the large exciton
Bohr radius and the narrow band gap leads to large confinement energies for carriers and hence to an
absorption edge at energies much larger than that of bulk PbS. Thus modifying the band gap of QDs

opens up possibilities for even a wider range of applications.

Determination of QDs energy levels

Taken the effect of non-parabolicity of the conduction and valence bands into account, hyperbolic
model achieved a better agreement between the measured and calculated dependence of the energy of
the electron-hole recombination (Eq(QD)) on the QD diameter (R) for nanoparticles,® as written in

the following equation.

h?E, (bulk)

E,(QD) \/Egz(bulk) = o
2

Where p=memn/(me+mp) is the exciton reduced mass, R is the quantum dot radius, h is the Planck



constant.
The change in quantum confinement imparted by reducing the QD size serves to raise the
conduction band edge (CB), thus potentially increasing injection yields. The CB energy of QDs can

be estimated using the following zero™-order approximation of the effective-mass model:?°

m, m )
e h (3)

Where Ecg is the conduction band energy (versus vacuum), Eg is the bandgap, and my and me are the

Ecs(QD) Eco(bulk) (E,(QD) E,(bulk)(—

effective hole and electron masses in the bulk semiconductor. As m. of PbS is relatively small than mp,

shift of Ecg is consequently larger than Eve.

Colloidal QDs

Since the percentage of surface atoms can be very high in small QDs, the

dangling bonds formed by the excess ion on the nanocrystals surface may

lead to the formation of additional states inside the band gap of QD, affecting

the electrical and optical properties. Thus the surface of a QD has to be Figure 1.3. A schematic

of a single colloidal QD
passivated with a larger band gap organic or inorganic material,?* as  with its surrounding
presented in Figure 1.3.

In complement to the control over the QD bandgap by tune the nanocrystal size, the electronic
properties of colloidal QD can also be tuned through modification of the QD surface chemistry via
ligand exchange.?> 22 Choosing a suitable capping agent assists the functionalization of the QDs, their
solubilization in aquatic electrolyte and enhances carrier confinement. A wide variety of ligand

chemistries have been utilized for PbS QDs, including thiols,?* carboxylic acids,?® primary amines,?

halide ions,?” inorganic shells, 28 oligomeric alkyl phosphine? or a hybrid passivation.°



1.1.2 Multiple excitation generation (MEG)

Shockley and Queisser calculated that the maximum solar to electrical energy conversion efficiency
for single band gap (Eg) semiconductor absorber to be 31%,3! based on the assumption that only one
band edge electronic excited state can be generated per absorbed photon, with all photon energy (En)
in excess of the band gap energy being dissipated as heat. This limitation has been shown to be accurate
in bulk inorganic semiconductors in where carrier thermalization plays a major role;® but in
semiconductor nanostructures, an increased efficiency of 45%3 can be achieved because of the
electronic structure associated with carrier confinement in three dimensions through a process which
called multiple exciton generation (MEG) (or carrier multiplication, CM): based on the impact
ionization (II) mechanism, an inverse Auger process, photogenerated carriers with excess energy
greater than the energy gap can create secondary electron-hole pairs via impact ionization of the filled
band, as shown in Figure 1.4. Through this process, two (or more) electron-hole pairs are collected
from each photon instead of just one. Optical measurements of various nanomaterial systems have
identified signatures of MEG, including single-walled carbon nanotubes (SWCNT)3* as well as
quantum dots (QDs) or QD thin film of CdSe,*® InAs® and Si.®” Narrow bandgap semiconductors,
especially lead chalcogenide, have been attracted huge interest in MEG for improving photovoltaic

device performance via multiple-exciton generation or multiple-exciton collection effects.® 10. 38-42
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Figure 1.4. (Left) Hot carrier relaxation/cooling in semiconductors.*® (Right) Enhanced photovoltaic
efficiency in QD solar cells by impact ionization.**
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In bulk semiconductor, besides in compliance with the energy conservation, impact ionization also

requires the momentum to be conserved, pertaining to both the electron-hole pair photogeneration and



impact ionization process within the electronic band structure, thus consequently elevate the photon
energy threshold for MEG above the simple 2Eg level. While in quantized nanocrystal, especially
three-dimensional (3D) spatial confined quantum dots (QDs), decline in energy to overcome a
threshold for MEG is available because of relaxed momentum conservation and suppressed cooling
by phonon emission due to the phonon bottleneck which originates from the mismatch between the
electronic gaps and phonon frequencies in the presence of sparse electronic structure. Figure 1.5 gives
an example of size-dependent quantum efficiency and MEG threshold of bulk and quantized PbS
measured via transient absorption in pump-probe experiments,*® showing decreased threshold of MEG

for PbS QDs with relative small diameter.
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Figure 1.5. (Left) Spectral dependence of the carrier multiplication for five different sizes of PbS QDs
compared to bulk PbS. (Right) Carrier-multiplication energy threshold (a) normalized by the sample
band gap.

1.1.3 Transition measurements related to PbS QDs

There have been several different types of spectroscopic measurements: transient (pump-probe)
absorption (TA) spectroscopy is to monitor the intraband transitions (e.g. 1Se-1Pe) of the newly created
excitons in the mid-IR, time-resolved photoluminescence (TRPL) to monitor the effects of multi
excitons on the PL decay dynamics, transient THz spectroscopy to probe the increased far infrared
absorption of multi excitons, and quasi-CW photoluminescence spectroscopy to observe the PL red
shift and line shape changes due to multi excitons.3® These methods are useful to determine the inter-
or intraband relaxation processes including exciton lifetime of electron-hole pairs, electron injection

times from photoexcited PbS QDs and the hole transfer time from PbS QDs to a hole acceptor.



Exciton and biexciton lifetime of PbS QDs

The absorbance spectroscopy was used to determine the lifetime of electron and hole pairs generated
in PbS QDs. Figure 1.6 shows both the exciton lifetime*® and the biexciton lifetime*’ decrease as the

size of PbS QDs because of enhanced Coulomb interaction by relatively strong quantum confinement
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Figure 1.6. (Left) Size-dependent lifetime of PbS QDs calculated from optical parameters in
reasonable agreement with experimental values obtained through time-resolved luminescence
measurements.*® (Right) Biexciton lifetimes of colloid PbS QDs as measured by TA (solid circles) and
PL up-conversion (open circles) agree very well with PbSe (gray shaded area encompasses the * single
standard deviation).

Electron injection from excited PbS QDs into TiO;

By using the fluorescence transients, the size-dependent fluorescence decays of PbS QDs and PbS-
TiO, composite were investigated,*® as shown in Figure 1.7. The smaller PbS QDs produced a faster
electron injection into TiO2 NPs because of enlarged CB position and boosted bandgap energy.
However, this time resolution of TRPL limited the accurate detection of ultrafast electron transfer

dynamic as reported at time scale less than 10 fs.5°
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Figure 1.7. The fluorescence decays of PbS QDs (blue circles) and PbS-TiO, composite (red circles)
in TCE for PbS QDs with diameter of 4.8 nm (left) and 3.4 nm (middle). Fluorescence lifetime of PbS-
TiO2: 4.8 nm: 1.7 ps, 3.4 nm: ~1 ps. (Right) Schematic illustration of photo-induced charge separation



of the QDs/TiO; system.5!

Hole transfer from PbS QDs to a hole acceptor

Hole transfer times from excited PbS QDs to a hole acceptor of spiro-OMeTAD molecule was
determined around 1 ps,* as shown in Figure 1.8; hole transfer time from excited CdSe on TiO2 to 0.1

M S? solution were measured as 0.13 and 11.7 ns.>3
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Figure 1.8. (Left) Transient absorption Kinetics of PbS-ZrO; (O), PbS-TiO; (x), and PbS-TiO; spin-
coated with hole conductor solution (triangles) at the excitation light wavelength of 600 nm and the
probe light wavelength of 1400 nm (778 nm in the case of the inset). (Right) Transient absorption
kinetics of CdSe/TiO; film in contact with 0.1 M Na,S electrolyte recorded after 532 nm laser pulse
excitation at probe wavelengths of 550 and 590 nm.

1.2 Localized surface plasmonic resonance (LSPR)

The optical properties of metal NPs have long been of interest in physical chemistry since Faraday
investigated colloidal gold in the middle 1800s. To date, improvements in classical wet chemistry
methods as well as new lithographic techniques have advance the synthesis of noble metal
nanostructures with a wide range of shapes, sizes and dielectric environments, and made it possible to

tune the electrical and optical properties of localized surface plasmonic resonance (LSPR).

1.2.1 Fundamental concepts

Polarizability and local electric field

Consider a homogeneous spherical nanoparticle under the irradiation of plane wave light, as presented

in Figure 1.9.5 The nanoparticle sphere with a diameter a (under the condition of a <<\) has a



wavelength dependent complex dielectric constant €(w), here w is the angular frequency. The sphere
is surrounded by a homogeneous, infinitely large, non-absorbing and nonmagnetic medium with the

dielectric constant m. The electric field of light is
E E,exp( t)x (4)
Where E, is a constant, x is the unit direction vector and t the time interval.
Conceptually, the conduction electrons in the nano sphere are displaced by the external electric field
to create a negative charge center on one end and a positive charge center on the other end, forming a
dipole. If w is not very high, the dipole can oscillate fast enough to follow the phase of E. The first
order of dipole moment p is linearly proportional to E, as
p . E ®)

Where a is the static polarizability of the sphere is given as:

4 a m
2 (6)
The denominator reaches a minimum at;
Re( () 2, 7

This is where the enhancement of absorption, scattering and local electric field comes from.

» . A
oot /\\/\\u/I Lo,
E v

Figure 1.9. Schematic image of plasmon oscillation for a metal nano sphere Interaction of the
electromagnetic wave with a metal causes the free electrons to coherently oscillate at the plasmon
f r e g u g)magainst thé iomobile positive-ion lattice.

Plasmonic resonance frequency

Based on the Drude model, the dielectric function of the metals can be expressed as:

10
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(8)

Where € and &; are respectively the real part and the imaginary part of €, T is the relaxation time of
the free electron and y=1/1 is the intraband damping frequency.

The plasma frequency wy, of a bulky metal is given by

o Jne?/ m 9)
Where n is the number density of electrons, e the electric charge, and m the effective mass of the

electron.

The resonant frequency wspr can be determined from Eq.11 to be

LSPR p /\ll 2 m (10)

Eq.10 indicates that the resonant wavelength is red-shifted if the surrounding medium has a higher

dielectric constant in reference with vacuum.
Absorption, scattering and extinction

Mie®®> % pr esented a sol ut i o+ that describka thevextindtion specttag uat i on s
(extinction) scattering + absorption) of spherical particles of arbitrary size. The cross sections for
absorption and scattering can be calculated via the Poynting vector, then the extinction cross section

can be obtained by summing up, as expressed by

C,. 4 ka’lm(——=)
2,

8
C _k4a6 m \2
sca 3 ( 2 m)

9 v
Cext " 2 2 2

¢ (L 24 o (11)

Where k=217A is the wavenumber, V is the volume of sphere and c is the speed of light in vacuum.
Similarly, at the resonance frequency that satisfies €1=-2em, the cross sections are enhanced. For

nanoparticles with a << , Csca is much smaller than Caps.

11



1.2.2 Influences of nanoparticle shape and size

Distinct spectral responses can be attained by tuning geometrical shapes or sizes of noble metal
nanostructures, which affect polar mode of LSPR and result in multipolar resonances in different
directions characterized as multiple resonant peaks, as shown in Figure 1.10. In addition, the location
of an abrupt shape change bring out strongly enhanced local electromagnetic field than that in a

nanosphere of the same the volume.5’
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Figure 1.10. (Left) Scattering spectra of single Ag NPs in different shapes.5® (Right) Absorption
spectra of gold nanorods of different aspect ratios with longitudinal and transverse polar modes.%®

1.2.3 LSPR sensitized solar cells

Plasmonic photovoltaic devices based on noble metal nanoparticles (NPs) is another approach to
advance the photoenergy conversion owing to the localized surface plasmon resonance (LSPR).?* ©°
A junction between n-type TiO2 NP contact the Au surface is formed as an initial difference in Fermi
levels (chemical potential of electrons) exists between the two phases such that electrons are
transferred to the metal upon contact to equalize the Fermi levels and establish a thermodynamic
equilibrium. This equilibration process creates a positive space charge layer and bend the conduction
and valence band edges of TiO2 (Figure 1.11), resulting in a potential barrier at the interface known as
Schottky junction against further electron transfer into the TiO (as indicated by E). Visible light
absorption in Au NP (as depicted by A) induce the generation of a plasmon which decays into a hot
electron-hole pair within the metal via Landau damping on time scales of a few to tens of
femtoseconds,5 62 then the hot electron with sufficient energy go across the Schottky junction and fed

into the conduction band of TiO; (as depicted by C). The existence of the energy barrier prevent

12



recombination of injected hot electron and holes in the Au region, thus can enhance photoelectric

conversion efficiency.
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Figure 1.11. (Left) Schematic presentation of the major mechanisms®* and (right) energy diagrams of
plasmonic Au/TiO; solar cell.

1.3 Surface-enhanced Raman spectroscopy

Raman scattering cross sections (102° cm? molecule™) for most molecules are several orders of
magnitude below those in optical absorption or emission spectroscopy. Consequently lack of
sensitivity remains one of the key limitations. The discovery of surface-enhanced Raman scattering
(SERS) opened a new avenue for Raman spectroscopy. Plasmonic surfaces enhance the Raman
scattered light from molecules on or near the surface by 108 to 10*? times.% SERS spectroscopy has
been widely employed for chemistry,%® biology®® and medicine,” 68 by utilizing various nanoparticle
size, shape, and spacing parameters, and massively parallel. As a result of large optical fields and
resonance-related effects, the Raman cross section for a molecule on a surface is enhanced by factors
of up to 106 The enhanced mechanism of SERS is normally attributed to electromagnetic (EM)
through interaction with surface plasmon excitations and chemical (CM) enhancement through charge
transfer interaction of the absorbed molecule with the metal surface.®®%, in which the former term is
responsible for the major portion of SERS enhancement.

During the past few decades, SERS active substrates have been developed significantly. Besides
coinage metals and their alloys that have been extensively employed owing to their large enhancement
through surface plasmon resonance (SPR), semiconductor QDs have also been validated the
enhancement with a factor on the order as high as 10° to 106 times "?7# as SERS active substrates and

induced increasing attention due to the widespread application in both SERS spectroscopy and

13



material fields. Especially PbS QDs which play a notable role in SERS both by physical and chemical
mechanism: PbS QDs intensely enhance the electromagnetic field generated by localized surface

plasmon resonance, and transfer carriers to surfactant thus modify Raman spectrum.

1.3.1 Electromagnetic mechanism (EM)

Electromagnetic enhancement is due primarily to localized surface plasmon resonance. Metals can be
considered as a plasma of electrons composed of polarizable, free electrons (mobile), and a positive
ion core (immobile). Interaction of the electromagnetic wave with a metal causes the free electrons to
coherently oscillate at the plasmon frequency (wy) against the immobile positive ion lattice. Although
the increase in the local electric field is usually modest, the enhancement in the inelastically scattered
light intensity scales to the fourth power, causing a remarkable SERS effect. However, the
enhancement effects are highly localized and decay rapidly as the separation between the analyte and
the metal particles increases, making SERS a truly surface-sensitive technique.

Besides nano-structured metals that used to generate ‘hot-spots’, i.e. the localized confinement of
high electromagnetic fields in small spaces for SERS, there has been a growing interest in theoretical
and experimental studies of strongly coupled dielectric QDs with metal NP system.” High field
enhancements for SERS have been observed from various non-metallic materials, such as metal NPs
and PbS QDs.8 It has been reported that higher real and imaginary parts (n, k) of the refractive index
of a dielectric NP lead to bigger electric fields in the gap of NP and metallic substrate.”” PbS has a
high refractive index and thus can induce high field enhancements when placed near a metallic NP.
Although PbS QDs do not possess a plasmon resonance by themselves, their presence increases the
electric field in the gap between the QDs and metal NPs significantly, because the fact that the charge
oscillations of the metallic NP are screened by those induced in the dielectric media, resulting in
localized hybridized NP plasmon confined to the gap between them. Finite-difference time-domain
(FDTD) calculations’ have investigated that coupling PbS QDs with noble metal NPs will enhance

the electric-field generated by localized surface plasmon resonance, and the enhancement is strongly

14



dependent on their sizes and distance, as shown in Figure 1.12 .

170 28
Ag
0 0

Figure 1.12. Electric field in the gap between a PbS QD (D= 4.4 nm) placed 0.6 nm away from an Ag
NP (D= 20 nm) with the light polarization parallel (left) and perpendicular (right) to the dimer axis.

1.3.2 Chemical mechanism (CM)

Chemical effect is another independent mechanism that enhances the Raman-scattering cross section
of the analyte adsorbed on the metal surface. The rationale behind the prediction of this secondary,
independent, and relatively weak enhancement is the dependence of the enhancement on the chemical
nature of the analyte molecule or structure. Whereas electromagnetic enhancement is a chemically
non-selective mechanism, more than two orders of difference in the enhancement can be observed,
due only to the chemical-enhancement mechanism. The electronic states of the analyte molecule are
either shifted or broadened due to either the interaction with metal or the origin of new electronic
states, resulting in additional enhancement often termed as chemical enhancement. The proximity
between the metal or semiconductor and the analyte molecules adsorbed on the surface causes
electronic coupling by a charge-transfer mechanism (CT), as shown in Figure 1.13 resulting in

resonant intermediate states and thereby enhancing Raman scattering.58 °
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Figure 1.13. The charge-transfer process between semiconductor and molecule: CT resonance is
coupled to (left) exciton resonance and (right) the molecular resonance.
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Surface-enhanced Raman spectra of 4-mercaptopyridine on PbS QDs was investigated as a function
of nanoparticle size and excitation wavelength, and was ascribed to CT mechanism dependent on

quantum confinement.”®
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Figure 1.14. (Left) Comparison of the Raman spectrum of (a) 4-Mpy powder with that of (b) 4-Mpy
adsorbed on 8.9 nm PbS quantum dot. Excitation is at 514.5 nm. . (Right) CT from size-dependent VB
of PbS QDs to LUMO of 4-Mpy.

1.3.3 Phonon mode of semiconductor via Raman

A phonon is a quantum mechanical description of an elementary vibrational motion in which a lattice
of atoms or molecules uniformly oscillates at a single frequency.® The normal modes of vibration of
acrystaland t o calcul ate their energies (orqTher equenci

rel at i @rssaied ghonan digpersion.

Optical phonon confinement

Only when the grain size is smaller than typically 20 lattice parameters, the periodicity of the crystal
is interrupted, in an isolated grain the phonon can get reflected from the boundaries and remain
confined within the grain, named phonon confinement. Optical as well as acoustical phonons get
confined within the particle.

The consequence of phonon confinement is noticeable in the vibrational spectra. Uncertainty
principle arises from the wave properties inherent in the quantum mechanical description of nature,
giving a statement that the position and momentum of a particle cannot be simultaneously measured
with arbitrarily high precision.

gr h/4 (12)
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Where Aq is the momentum uncertainty (wavevector uncertainty), Ar is the size uncertainty, h is the
Planck constant. The size uncertainty is related to the size of particle, nano structured crystal has much
more prominent wavevector uncertainty than bulk crystal because of the drastically reduced size, so
that Aq cannot be neglect as in the case of bulk crystal.

Based on the wavevector selection rule of visible Raman scattering in bulk crystals, Raman spectral
can only originate from the phonons at g = 0 and the Raman spectral peaks are the narrow spectral
lines at bulk frequency of wy (Figure 4). But in nanostructured crystal, the wavevector uncertainty
leads to the relaxation of the selectionrule of g = 0in visible Raman scattering, and then the phonons
in the region of wavevector Ag can join the Raman scattering process, resulting in broadened spectral
bands linewidth. In the case that the dispersion relation of the optical phonons in the Brillouin zone is
negative (Figure a wy), phonons of smaller energy dominate in the scattering process, leading to red-

shifted Raman shift.

Intensity (a.u.)

w
Wave vectors (1/a) Raman Shift (cm™')

(a) (b)
Figure 1.15. (a) Typical dispersion curves of bulk semiconductors and (b) expected Raman spectral
features of nanostructured material.

Phonon mode of microcrystal PbS

Figure 1.16 gives an example of Raman spectra for microcrystal PbS,” presenting LO mode with

characteristics of decreased peak frequency and increased FWHM as the crystalline size decreases.
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Figure 1.16. (Left) Raman spectra of microcrystal PbS with average size of (a) 17.5, (b) 24, and (c) 36
nm excited by 514.5 nm. (Right) size-dependent Raman intensity, FWHM, frequency and intensity
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ratio.

The aim and outline of this study

Plasmon induced strong electromagnetic field could be applied to quantized nanoparticles in
electrochemistry environment during the photon-matter interaction involving molecule detection,
photoelectric conversion, photoluminescence and strong coupling. In this sense, plasmonic gold
nanostructures with controlled size and shape were well designed to couple with lead sulfide quantum
dots (PbS QDs) varied in size and bandgap energy from near infrared to visible light.

Solar cell of layered PbS QDs/TiO2/Au NPs/TiO; substrate was fabricated and the morphology was
characterized by SEM-EDS; size-dependent band edge positions of PbS QDs were estimated based on
absorption spectra; photoluminescence of PbS QDs on TiO2/Au NPs/TiO, were obtained by
electrochemical fluorescence spectroscopy and image mapping (Chapter 2).

Highly ordered Au nanodimer array were fabricated as substrate; surface modification of oleic acid
molecule surrounding size-controlled PbS QDs were characterized by surface-enhanced Raman
scattering both in air and under electrochemical environment (Chapter 3). Photocurrent and generation
of polysulfur of PbS QDs/TiO2/Au/TiO, system were simultaneously detected by electrochemical
surface-enhanced Raman scattering (Chapter 4).

Enhancement on photoelectric conversion efficiency under visible light irradiation was confirmed
by TiO2/Au/TiO2 which was sensitized by size-controlled PbS QDs with different capping ligands
owing to metallic resonance (Chapter 5) and combination of multiple exciton generation (Chapter 6).

Strong coupling between PbS QDs and Au bowtie nanodimers were observed by dark-filed

scattering spectroscopy and image mapping techniques (Chapter 7).
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Chapter 2

Determination of Optical and Electronic Properties of PbS Quantum Dots

at Electrified Interfaces

2.1 Introduction

Photoluminescence, the radiated process for the recombination of electron-hole pair excited by light
irradiation with energy larger than the bandgap, also plays a significant role in quantum dots (QDs)
sensitized photoelectrochemical cell system besides the process of electron injection. To date,
modification of fluorescence of emitters such as dyes or semiconductor QDs nearby noble metals has
been widely discussed owing to surface plasmon resonance (SPR).: 2 Surface plasmon-assisted
fluorescence enhancement® or quenching’ is strongly dependent on the distance between the emitter
and the metal surface.

Photoelectrochemistry has been regarded as a robust approach to modulate electric and/or chemical
change of semiconductor electrode contacting electrolytes as the Fermi level of the system is able to
be controlled by a polarized potential of a three-electrode system.® * For a QDs sensitized n-type
semiconductor, such as TiO, the overall amount of electron-hole pairs generated in QDs excited by
photon leading to the formation of excited electrons and holes. The photoluminescence processes
could keep as constant under light irradiation with a constant intensity via the recombination of excited
electrons and holes. As the Fermi level is controlled by an applied polarized potential, the amount of
excited electron injected into the conduction band of TiO; is tunable so that the simultaneous
photoluminescence measurements will provide an information of number of excited electrons and
holes contribute to the generation of photocurrent. A positive potential can benefit the electron
injection owing to an improved charge separation efficiency and thus a decreased photoluminescence
intensity is expected.

In this chapter, characterization of PbS QDs used in the thesis and plasmonic photoenergy

conversion system were performed by various methods. Multilayered electrode of TiO2/Au/TiO, was
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well fabricated by using liquid phase deposition (LPD) and electric beam vaporization; the
morphology was characterized by SEM-EDS. Absorption and emission spectra of colloid PbS QDs
varied in size was obtained, presenting typical quantum confinement effect with bandgap energy
altered from near infrared to visible light; band energy positions were estimated according to the 1%
exciton peak. Quantitative analysis of the composition of PbS QDs were performed by ICP-AES; drop
casting of PbS QDs with a designed amount of deposition was utilized to sensitize the multilayered
electrode. Electrochemical photoluminescence and simultaneous photocurrent measurements using
TiO; and TiO2/Au/TiO; electrodes sensitized by size-controlled PbS QDs with bandgap energy of
near-infrared (OP-1101) and visible light (OP-682) were respectively carried out. Decreased
photoluminescence was observed at the positive polarization, leading to increased photocurrent.
Fluorescence microscopic imaging of OP-682/TiO./Au/TiO, presents spatially resolved potential-

dependent photoluminescence properties.

2.2 Experimental

2.2.1 PbS QDs used in the study

Oleic acid (OA)-capped PbS QDs used in the present study were prepared by hot injection method
based on Hines method.*? Surface modification of long chain molecule OA was exchanged into short
chain molecule of 3-mercaptopropionic acid (MPA). Briefly, 3-MPA was dissolved in methanol with
the concentration of 10 mM; pH of the solution was adjusted to 11 by TMAH. The solution was
degassed for 30 min by Argon. Then different volume of 200 uM original OA-capped PbS QDs was
added into 1 mL of the MPA solution to dilute the original solution for various folds.

The PbS QDs were named according to the absorption maximum (Figure 2.4), as OP-1344, OP-
1101, etc. with capping ligands of OA and MP-537 with capping ligands of MPA. Their average
bandgap (Eg) were determined by the 1% exciton peak as 0.9, 1.1, 1.4, 1.6, 1.7, 1.8 and 2.3 eV. The
average diameters were estimated to be 4.8, 3.7 2.7, 2.4, 2.3, 2.1 and 1.6 nm in diameter®® respectively

in reference of the 15t exciton peak.
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2.2.2 Quantitative analysis of PbS QDs

The quantity of lead in colloid PbS QDs was analyzed via inductively coupled plasma atomic
emission spectroscopy (ICPE-9000, SHIMADZU). Synthesized PbS QDs dispersed in hexane was
added into ethanol and centrifuged in order to dissolve oleic acid as organics cool the plasma. Then
the supernatant was removed and evaporated. Dilute nitric acid was chosen to completely digest the
brown solid PbS into Pb(NOs), by accompanied with H,S exhaust, because HNOj3 in a high
concentration generates solid S or PbSO4 that would clog the nebulizer and underestimate the quantity
of Pbt4,

Lead nitrate dissolved in dilute nitric acid was used as the standard solution with a series of diluted
concentration. Three measurements for each sample by detection wavelength of 220.353 nm yielded
relative standard deviation (RSD) below 1.2% for three times measurements of each sample. The
background was well corrected and the range for integration was properly selected. Calibration curve
of the standard solution series was established by linear fitting with correlation coefficient better than
0.997 (see Figure A2.1 in Appendix). Digested QDs solution was estimated according to this curve,
and mole concentration of PbS was calculated for the colloid PbS QDs solution (see Table A.2.2 in

Appendix).

2.2.3 Morphology and element mapping

The morphology and element mapping of the electrode were measured in the University of
Manchester by scanning electron microscopes (Philips XL30 FEG SEM) equipped with energy
dispersive spectroscopy (EDS) analytical system (Rontec, now Bruker). SEM images were captured
by using 10.0 kV electron beam with a magnification of 250,000 times and EDS mapping and spectrum

were accumulated for 10 min by 20.0 kV electron beam with a magnification of 62,500 times.

2.2.4 Sensitization of PbS QDs

OA-capped PbS QDs (OP-682 and OP-1101, named following their 1% exciton peak) was diluted in

argon-degased dehydrated hexane. The PbS QDs dispersion was drop-casted onto the surface of
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TiO2/Au/TiO; substrate with a particle density of 1.2E+12 cm for both OP-682 and OP-1101 based
on quantity analysis via ICP-AES. After solvent evaporation, EC-FL measurements were taken on

these samples.

2.2.5 Preparation of plasmonic electrode

Thin TiO- film was deposited on a well washed 2x2.5 cm? conductive FTO glass with a deposition
area of 2x2 cm? for 12 h by 0.1 M (NH4),TiFs and 0.2 M H3BOj3 at 25 °C via liquid phase deposition
(LPD). The dried substrate was annealed at 500 °C for 5 h for the crystallization of TiO2 NPs in
consideration of the available heating upper limit around 550 °C for FTO glass. Au film with a
thickness of 5 nm was deposited on the TiO2 substrate using the electric beam vaporization (0.20 nm/s,
6 = 0 °; Quartz Crystal Monitor CRTM-6000, ULVAC; 3KWE-type electron gun, ANELVA,
Compound Molecular Pump TG-800F-B, OSAKA VACCUM LTD), and the substrate was annealed
at 500 °C for 30 min to quickly form gold nanoparticles with satisfactory average size for good
scattering efficiency. Then LPD method with a deposition time of 1 h was once again performed to

form a 2" layer of TiO thin film covering the gold NPs (Figure 2.1).

Synthesis of TiO, thin film by Liquid Phase Deposition (LPD)

Annealing in air

25°C,12h 500°C,5h

— - . Tio,

FTO

Gla: Glass

0.1 M (NH,),Tifg + 0.2 M H;B0, aq.
Deposition of Au nanoparticles and TiO, on TiO, substrate

Au NPs: D=20 nm
£ 2™ layer: <10 nm
Tio, <— 1*jayer: 100 nm

:‘ nan 1o
Annealing in air Glass

A 500°C.0.5h LPD25°C,1h
— Tio,

P-% :% Annealing in air FR;

Glass Glass 500°C,5h Glass

Figure 2.1. Schematic presentation of the preparation of TiO2/Au/TiOz2 electrode.

2.2.6 Electrochemical photoluminescence measurement

Electrochemical fluorescence measurements were performed via a three-electrode system in

electrolyte of 0.05 M Na,S and 0.1 M NaOH aqueous solution (pH=13). Hand-made Ag/AgCI (sal.
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KCI) and Pt narrow sheet or plate were respectively used as the reference and counter electrodes.
Near-infrared emission spectra of OP-1101 was measured by Fluorolog®3 spectrofluorometer
(FL3C-2iHR, HORIBA) equipped with a single- or double-grating monochromator in the excitation
and emission pathsi n an “ L” .Theekdrocipmicalaell was settled in the compartment
with well-adjusted angle to collect a maximum fluorescence light (Figure 2.2a). Excitation light of
450, 500, 550 or 600 nm from a 450 W xenon lamp was cut off by using 700 nm filters (SCF-50S-
70R, SIGMA KOKI Co., Ltd.) to avoid the overtone in the fluorescence spectrum. Potential was
polarized from -0.6 to +0.5 V by an electrochemical workstation (EC-lab® software, BioLogic Science
Instrument) to tune the Fermi level of TiO, and photocurrent generated by excitation was recorded
during simultaneous fluorescence spectrum detected by a NIR photomultiplier tube (PMT) module
(iIHR320 Imaging Spectrometer) cooled with liquid nitrogen. Excitation and emission slit widths were
both set as 14 nm, fluorescence spectrum was obtained by a grating of 600 g/mm, BLZ=1000 scanned
in the infrared reign with increment of 1 nm. For size-controlled colloid PbS QDs in hexane and

sensitized substrates in air, a cuvette or solid sample holder was used in the compartment.

Visible emission spectra of OP-682 was obtained by an inverted microscopy (OLYMPUS [X-71)
equipped with an objective lens (10x, NA=0.70, W.D.=0.1-1.3 mm, LUCPIlanFLN) and a Xenon lamp
(IX-HLSH1000, OLYMPUS) (Figure 2.2b). Excitation light was narrowly selected by filter cubes
transmitting blue light in wavelength region of 460-495 nm (U-MWIB3; emission filter: 510IF;
dichromatic mirror: 505 nm; OLYMPUS) and green light in wavelength region of 520 -550 nm (U-
MWIG2, emission filter: 5801F; dichromatic mirror: 565 nm; OLYMPUS). The output laser intensity
was tunable via a FS filter yielding an estimated spot size of irradiation, 1 pum, and was measured via
power meter (OPHIR Japan LTD.). Polarized potential was well controlled from -0.8 to +0.5V by a
potentiostat (HSV-110, Hokuto Denko). Measurements at each potential were repeated for 3 times
under visible light irradiation for 10 s and irradiation cut-off interval of 60 s. Simultaneous
fluorescence spectrum and photocurrent were measured and recorded during irradiation with intensity
of 0.65 and 0.4 mW for green and blue light, respectively. A spectrograph with a grating of 150 g/mm,
BLZ=800 (ISOPlane SCT-320, Princeton Instruments) and a CCD camera (C9018, Hamamatsu

Photonics) were used to disperse emitted photons and register spectrum. Spectrum was captured with
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a slit width of 50 ym with the resolution of 0.4 nm. Image mapping was obtained with a slit width of

50 pm with endipradistionrcud-off dnfervallof 48 s at respective potential.
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Figure 2.2. The cells for electrochemical luminescence measurements: (a) a glass cell with adjusted
angle in the compartment and (b) a Teflon cell set upon an invert microscopy equipped with fluorescent
filter cube.

2.3 Results and Discussion

2.3.1 SEM-EDS characterization of PbS QDs-sensitized plasmonic electrodes

The electrode was prepared layer-by-layer including respectively depositing thin TiO- film on FTO
glass for 12 h via liquid phase deposition method (LPD), gold film with thickness of 5 nm on the TiO,
via electric beam vaporization, and a 2" thin TiO> film on Au for 1 h via LPD. Annealing process up
to 500 °C was utilized to form nanoparticles based on crystallization of TiO; as well as aggregation of
Au atoms. Then, drop casting of size-controlled PbS QDs based on ICPE quantitative analysis were
performed onto the substrate.

Bare titanium dioxide and plasmonic substrates before and after the sensitization of PbS QDs were
measured via scanning electron microscopy (SEM) equipped with energy-dispersive X-ray
spectroscopy (EDS). Figure 2.3 gives the details of SEM image (top row, 250,000x, 10 kV), EDS
element mapping images (middle row, 62,500x%, 20 kV) and the corresponding spectrum (bottom row)
of TiO2 (the 1%t column), TiO2/Au/TiO, (the 2" column), OP-1344/TiO, (the 3 column) and OP-

1344/TiO2/Au/TiO; (the 4" column). Gold nanoparticles, with an average size around 20 nm, are well
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dispersed on the TiO; surface without dissolution even after deposition of PbS QDs according to SEM
images. Element mapping by EDS illustrates the uniform distribution of Ti (red) and Sn (green, coming
from the FTO glass (F doped SnO)) elements on bare TiO, substrate, Au (orange) on plasmonic
substrate and Pb (blue) on sensitized substrate. EDS spectrums based on the element mapping identify
the existence of Au around 2.1 keV (orange area) in comparison with bare TiO, substrate, as well as
the existence of Pb element at 2.34 keV (azure area) after sensitization even in the resolution limitation
of SEM for the PbS QDs with average diameter less than 5 nm. PbS QDs was loaded 5 times of the

maximum amount for the photocurrent measurements in order to get obvious counts for EDS.
(b)  TiO,JAUITIO, () OP-1344/TiO,  (d)OP-1344/TiO/AU/TIO,
TE BTy e

200 300 JEHINE SRS
1002122232425 2302122202425 202122282425 02021 22 23 24 25
Energy (keV) Energy (keV) Energy (keV) Energy (keV)

Figure 2.3. SEM images (top row), EDS mapping images (middle row) and corresponding spectrum
(bottom row) of bare titanium dioxide and plasmonic electrode before and after sensitized by OP-1344
QDs: (a, e, i) TiOy, (b, f, j) TIO2/AU/TIO, (c, g, K) OP-1344/TiO> and (d, h, ) OP-1344/TiO2/Au/TiO;
substrate. Element mapping involved in gold Mq (orange), lead M (blue), titanium Kq (red) and tin Lq
(green, coming from FTO glass) emission (PbS particle density: 5.5E+12 cm™). EDS spectrums were
enlarged in low energy region to identify the existence of gold and lead.

2.3.2 Size-dependent optical and electric properties of colloid PbS QDs

Absorption and emission spectra of the colloid oleic acid (OA)-capped PbS QDs dispersed in hexane
and ligand exchanged with 3-mercaptopropionic acid (MPA)-capped PbS QDs in methanol were

obtained (Figure 2.4a), giving the 1%t exciton peak from near-infrared to visible. These PbS QDs were
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named according to the absorption maximum, as OP-1344, OP-1101, etc. Their average bandgap (Eg)
were determined by the 15t exciton peak as 0.9, 1.1, 1.4, 1.6, 1.7, 1.8 and 2.3 eV. The average diameters
were estimated to be 4.8, 3.7 2.7, 2.4, 2.3, 2.1 and 1.6 nm in diameter'® respectively in reference of
the 1%t exciton peak (Figure 2.4c). Within the Bohr radius of 18 nm, all these PbS QDs exhibit strong
guantum confinement especially the smallest OP-682 with a larger bandgap. The emission maximum
was marked as black respectively. The Stokes shift between emission and absorption maximum
became larger as the increase in bandgap energy (Figure 2.4b), because of the size-dependent
vibrational relaxation based on quantum confinement.®

The valence and the conduction band-edges of PbS QDs were calculated according to the size-
dependent ionization energy and values of bulk PbS (E4=0.41 eV, Ecg=-0.29 V, Evs=0.12 V (vs.
Ag/AgCI))®. The uncertainty in the energies of QDs is the full width at half-maximum of the
absorption peaks that yielded Eg (Figure 2.4c). The flat-band potential (Urg) of anatase TiO. prepared
by the LPD method is around -0.7 V (vs. Ag/AgCI) in alkane solution with pH=13 considering the
band-edge shifts for 0.059 V/ pH at 298 K.1"- 18 Based on the simplest model of infinite surface-barrier
guantum confinement (i.e., article-in-the-box), the CB and VB shifts are inversely proportional to the
effective mass of the electron (me*) and hole (mn*), respectively, as AEcs/AEve=mp*/me*. For PbS
QDs, CB possesses a larger energy shift as me* is less than mp*.1® Strong quantum confinement
enlarges the CB of OP-682 to a more negative potential than Ugs of TiO2 whereas the CB of infrared
OP-1344 is almost the same as the Urg of TiO3, indicating electron injection from excited OP-1344
faces much more difficulties rather than the two others. The observed photocurrents are ascribed to
the electron injection into the conduction band of TiO, from excited PbS QDs accompanied by electron
transfer from the donor of sulfide redox in the electrolyte under positive polarization for effective

charge separation?® (Figure 2.4c).
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Figure 2.4. (a) Size-dependent absorbance and emission of colloid PbS QDs dispersed in hexane with
15t exciton wavelength (marked in color) and emission maximum (marked in black). (b) Size-
dependent Stokes shift between the band maximum of the absorption and emission spectra. (c) Band-
edge energies of PbS QDs calculated in regard to the average size. The color boxes indicate the
uncertainty in the energies of QDs determined by the full width at half-maximum of the 15t exciton
peaks. The flat band energy of TiO2 with respect to Ag/AgCI (sat.KCI) refer to anatase in alkaline
aqueous solution (pH=13).

2.3.3 Substrate-dependent emission spectrum of OP-1101

Figure 2.5 present the photoluminescence of OP-1101 excited by light with wavelength of 570 nm
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(green) and 900 nm (black) on cover glass (Figure 2.5d) and photoelectrochemical cells including bare
TiO, (Figure 2.5¢), PbS QDs directly contacting Au NPs (Figure 2.5b) and the 2" layer of TiO;
separated Au NPs (Figure 2.5a) measured in air. Compared to PbS QDs on cover glass without any
guenching nor electron injection process, apparent decline of photoluminescence was observed for the
other three systems, especially for OP-1101/TiO; substrate (Figure 2.5a) because of electron injection
from excited PbS QDs into the conduction band of TiO.. As for the excitation by 570 nm among the
LSPR region, existence of Au NPs enhanced the photoluminescence by comparing OP-1101 sensitized
TiO2/Au/TiO2 with TiO; (green, Figure 2.5a and c). Photoluminescence of OP-1101 on TiO2/Au/TiO;
and Au/TiO2 by 570 nm is respectively 6,000 and 6,500 cps, in contrasted to 9500 cps of OP-1101 on
cover glass, the decrease is accounted for electron injection to TiO and quenching in proximity to Au
NPs by Forster energy transfer,” ° respectively. The peak around 1070 nm could be ascribed to the

interference of emission light caused by the thickness of both the TiO, layers as well as the glass

substrates.
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Figure 2.5. Photoluminescence of OP-1101 sensitized (a) TiO2/Au/TiO2, (b) Au/TiO; (c) TiO2 and (d)
cover glass excited by 570 nm (green) and 900 nm (black) with multiples of the emission maximums.
PbS particle density: 4.8 x 10 cm™,
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2.3.4 Potential-dependent fluorescence spectrum and simultaneous photocurrent

Photoluminescence, the radiated process for the recombination of electron-hole pair generated by
light irradiation with energy larger than the bandgap, also plays significant role in PbS QDs sensitizing
photoelectrochemical cell system besides the process of electron injection into the conduction band of
TiOz. The overall amount of electron-hole pairs including the electrons undergoing electron injection
and photoluminescence processes keep as constant under light irradiation with a constant intensity. As
the Fermi level of the system is able to be controlled by a polarized potential of the three-electrode
system, the amount of excited electron injected into TiO, is tunable so that the simultaneous
photoluminescence counterpart will present opposite changing tendency as if the loading amount is
extremely low within a single layer regime. A positive potential benefits the electron injection leading
to the effective charge separation. The process also contributes to the prevention of the charge

recombination. Thus, decreased photoluminescence intensity is expected.

2.3.4.1 OP-1101/TiO2/Au/TiO:

Figure 2.6 shows the photoluminescence and simultaneous photocurrents of OP-1101/TiO2/Au/TiO;
(left column) and OP-1101/TiO; (right column) measured under potential from -0.6 to +0.5 V with
excitation wavelength of 450, 500 and 550 nm. Slight change in photoluminescence was observed, as
shown in potentials of -0.5 and +0.3 V (insets in Figure 2.6a and d). Figure 2.7 shows the potential-
dependent average photoluminescence from 1100 to 1300 nm (a, b) and the simultaneous
photocurrents (c, d). As the potential polarized to positive direction, apparent decreased
photoluminescence with increased photocurrent were simultaneously obtained because of the enlarged
potential gradient in TiO, modified by the Fermi level. The potential-dependent decline of
photoluminescence presented almost a linear tendency for OP-1101/TiO- by the excitation of 450 nm
and a second increasing step of photocurrent after the saturation as the potential larger than 0 V. For
OP-1101/TiO2/Au/TiO., the decline in photoluminescence became saturated as the potential larger
than 0 V and the 2" increasing step of photocurrent was not as obvious as that for 1101/TiO,. Enhanced

photocurrents were produced by the plasmonic substrate excited by wavelength in the range of 500~
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600 nm owing to the LSPR effect. Fairly large photocurrents were collected by the relatively large
irradiation light intensity compared with previous IPCE measurements in our lab, leading to probable
photocharging-induced 2" increment in photocurrent, especially for high energy irradiation of 400
and 450 nm. In addition, the absence of enhancement in photoluminesce may be accounted for
guenching process or the coupling between Au NPs and multilayered PbS QDs resulted from a

relatively large loading amount.
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Figure 2.6. Emission spectrum of OP-1101 sensitized TiO, and TiO2/Au/TiO; substrates under
excitation of 450 nm (a, d), 500 nm (b, e) and 550 nm (c, f) under polarized potential from -0.6 V to
+0.5 V. Insets (a, d) show the enlarged photoluminescence under potential of -0.5 V (orange) and +0.3
V (navy). The particle density of OP-1101: 1.2E+12 cm™.
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Figure 2.7. Potential-dependent (a, b) average photoluminescence from 1100 to 1300 nm and (c, d)
simultaneous photocurrent for OP-1101 sensitized TiO2 (square) and TiO2/Au/TiO: (circle) under
excitation of 450 (blue), 500 (cyan), 550 (green) and 600 nm (red). The particle density of OP-1101.:
1.2E+12 cm™.

2.3.4.2 OP-682/TiO2/Au/TiO;

Electrochemical fluorescence was also measured by OP-682 sensitized TiO; (Figure 2.8a, ¢) and
TiO2/AU/TiO: (Figure 2.8b, d) under potential from -0.8 to +0.5 V excited by blue (460-495 nm) or
green (520-550 nm) visible light via an inverted microscopy occupied with fluorescence filter cubes.
Three measurements under each potential with light-off time of 60 s were performed to improve the
accuracy affected by photobleaching, and average values were extracted for the comparison.
Fluorescence maximums around 700 nm were observed and the discrepancy in spectrums was ascribed

to the filter cubes. Apparent decrease in photoluminesce was observed (insets in Figure 2.8). Figure
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2.9 shows the potential-dependent average photoluminescence from 700 to 710 nm for the blue
excitation (a, b) and from 685 to 695 nm for the green excitation (c, d) with the simultaneous
photocurrent (e, f). The plasmonic substrate present saturation in photoluminesce decline as the
potential positive than -0.4 V; while TiO> substrate present a linear decline over the whole potential
range. The decline in photoluminesce is 3 % and 4.6% by the plasmonic substrate by blue and green
excitation, respectively, less than that of 7% and 7.8% by TiO. substrate, indicating that the LSPR
inhibited the recombination of electron-hole pairs. Enhancement in photocurrent collection by the
LSPR was confirmed in contrast with OP-682 sensitized TiO2, demonstrating the validity of LSPR in

modification the photo-excitation process of PbS QDs.
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Figure 2.8. Emission spectrum of OP-682 sensitized TiO; (a, ¢) and TiO2/Au/TiO; (b, d) substrates
under blue (a, b) and green excitation (c, d) under polarized potential from -0.8 V to +0.5 V.
Photoluminescence is the average value for three measurements at each potential under irradiation for
10 s and irradiation cut-off interval of 60 s. Insets show the enlarged emission spectrum with decreased
photoluminescence as the potential polarized from negative to positive. The particle density of OP-
682: 1.2E+12 cm™.
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Figure 2.9. Potential-dependent average photoluminescence of OP-682 sensitized TiO; (left column)

and TiO2/Au/TiO; (right column) from 700 to 710 nm for the blue excitation (a, b) and from 685 to
695 nm for the green excitation (c, d) with the simultaneous photocurrent (e, f). Grey areas present the
photoluminescence of three measurements under each potential.
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2.3.5 Potential-dependent fluorescence imaging of OP-682 sensitized plasmonic electrode

Fluorescence image mapping of OP-682/TiO,/Au/TiO; electrode was performed under potetnial
polarization. Differential photoluminescence image in reference with -0.7 V by the blue excitation
(Figure 2.10 a) illustrates the alternation in photoluminesce of each point under irradiation. In contrast
with the photocurrent obtained from the whole area irradiated (red line in Figure 2.10 b), a typical
point (marked as a black circle in Figure 2.10 a) from the mapping area was extracted to exemplify
the decline of photoluminescence as the potential polarized from -0.7 V to -0.2 V (black squre line in
Figure 2.10 b and a 3-D image mapping in Figure 2.10 c to €). As the fluorescence image mapping
was perfomed after the 3 measurements of the spectrum, photobleaching could influnce the
photoluminesce intensity. Inhomogeneous spatial distribution of the fluorescence suggests the
contribution of Au nanostructures to the enhanced light absorption, emission and the quenching

processes at the electrodes.
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Figure 2.10. (a) Differential photoluminescence image of OP-682/TiO2/Au/TiO based on -0.7 V by
the blue excitation in exposure of 1 s. (b) Potential dependent photoluminescence of a point (marked

as black circle) and photocurrent (red). (c) 3D-image of the point under potential of -0.7 (c), -0.6 (d)
and -0.5V (e).
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2.4 Conclusions

In summary, optical and electronic properties of size-controlled PbS QDs were characterized. The
plasmonic photoelectrochemical cell with size-controlled PbS QDs were also characterized by SEM-
EDS, absorption and emission spectroscopy. Photoluminescence of PbS QDs sensitized TiO2/Au/TiO;
present both plasmon enhancement and quenching effect compared to PbS QDs/TiO.. Electrochemical
luminescence of OP-1101 and OP-682 on TiO2/Au/TiO. show apparent potential-dependent
photoluminescence and simultaneous photocurrent, confirming that LSPR enhanced exciton
generation and modified recombination. The variation of the Fermi level controlled by the electrode
potential resulted in the charge separation efficiency, leading to the change in the efficiency of
electron-hole separation and recombination in PbS QDs. The potential dependence provide the
information on the band diagram of PbS QD/TiO; interface predicted by the optical and electronic
properties of size-controlled PbS QDs in solutions. Fluorescence imaging of OP-682/TiO2/Au/TiO2
present the potential-dependent alternation of photoluminescence showing inhomogeneous

distribution.
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Appendix

A2.1 Quantities analysis of PbS QDs
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Figure A2.1. Results of concentration-dependent Pb atom emission peak intensity. (Left) Measured
results and (right) the calibration curve.

Table A2.1. Details of ICPE results and calculated mole concentration of PbS
according to detection wavelength of 220.353 nm

Sample Diluted conc. Average RSD
file ppm fold a.u. %
call 0 Solvent 1.58 42.39
cal2 0.25 20 127.18 0.84
cal3 0.50 10 228.87 0.17
cal4 0.71 7 279.42 0.26
cal5 0.83 6 309.71 0.28
calé 1.00 5 368.15 0.07
cal7 1.25 4 458.32 0.25
cal8 1.67 3 616.56 0.15
cal9 2.50 2 910.11 0.7

call0 5.00 - 1855.65 0.05

Table A2.2 Calculated mole concentration of PbS

Calculated Conc. of PbS in Mole Conc. of PbS
Sample Average RSD C g - S .
onc. original solution in original solution
file a.u. % ppm ug/uL umol/mL
Blank 0.18 244.96 - - -
OP-682 169.05 1.01 0.387 11.18 46.7
OP-728 221.26 1.11 0.538 37.27 155.7
OP-750 114.81 0.92 0.231 5.33 22.3
OP-860 269.16 0.25 0.676 31.23 1305
OP-1101 258.31 0.11 0.645 18.61 77.8
OP-1344 206.04 0.34 0.494 19.97 83.4
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A2.2 EDS mapping spectrum
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Figure A2.2. EDS spectrum of bare titanium dioxide and plasmonic electrode (a) before and (b) after
sensitized by OP-1344 QDs (PbS particle density: 5.5E+12 cm?).
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Chapter 3

Characteristic Electronic Excitation of PbS Quantum Dots at the Gap of Au Nano-

Dimer Monitored by Surface-Enhanced Raman Scattering

3.1 Introduction

Colloid semiconductor quantum dots (CQDs) provide a considerable advantage of tunable electronic
properties with variation in size, shape, and composition though diverse synthetic techniques'=3. Over
the years, numerous efforts have been made to control size-dependent intrinsic properties covering
biexciton quantum yield* ° or fluorescence blinking,5® excited-state lifetime and polarization,® Auger
processi®?2 or reversed Auger process known as multiple exciton generation,'3-18 intraband
relaxations,'®-2 for various species of QDs such as pure core colloid QDs and core/shell QDs including
alloy composition at the core/shell interface across 11-V1, 111-V and IV-VI semiconductors.

Besides intrinsic properties of CQDs, the surface and environmental properties also play an
important role in CQDs’ % Typeeof orgarsc adéayerp $erviogaag surface
passivation affect electronic or optical properties of QDs, such as electronic band structures,?® 24
exciton dissociation,?>?’ surface-mediated charge trapping-3! and electron transfer rate from excited
QDs to solar cell;*? 33 conversely, excitation of QDs can influence vibrational modes of capping
ligands in turn. Recently, surface-ligand bonding has been well studied®*3° but the effect of size-
dependent exciton-vibrational coupling remains unknown. Since pure core CQDs exhibit similar
delocalization of the electron and hole radial distribution functions with minor penetration to the
surrounding beyond the dot boundary, consequently promoting an overlap with the ligand electronic
or vibrational states.*°

The discovery of surface-enhanced Raman spectroscopy/scattering (SERS) has opened a new
avenue for molecule detection thanks to the breakthrough in limited sensitivity of Raman spectroscopy.
Enhancement of Raman scattering cross-section of molecules adsorbed on noble metallic

nanostructures has been attributed to two major effects: electromagnetic enhancement (EM) through
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interaction with surface plasmon excitations and chemical enhancement (CM) through charge transfer
interaction of the absorbed molecule with the metal surface.*** Supplemented to noble metal,
semiconductor QDs have also been validated the enhancement with a factor on the order as high as
103-10°.44-46 Benefiting from relatively weak exciton binding energy, lead sulfide (PbS) gives electron-
hole pair easily via bandgap excitation.*” Furthermore, relatively small and almost equivalent effective
mass of electron and hole initiate strong quantum confinement of both electron and hole as if size is
controlled less than the relatively large Bohr radius of 18 nm.*® PhS QDs play a notable role in SERS
both by physical and chemical mechanism: PbS QDs intensely enhance the electromagnetic field
generated by localized surface plasmon resonance,*® and charge transfer to surfactant thus modify
Raman spectrum.>® Electrochemical surface-enhanced Raman scattering (EC-SERS), a system
generally consisting nanostructured electrodes and electrolyte, provides specific features in molecule
characterization and identification because the alteration in applied electrode potential can easily
change the Fermi level of metal, dielectric constant of interfacial electrolyte, the coverage and/or the
adsorption orientation of the molecule and bonding interaction of the molecule with the surface, and
consequently influence on both physical and chemical enhancements to some extent.>! However, best
to our knowledge, characterization of PbS QDs by EC-SERS has not been reported to date.

Oleic acid (cis-9-octadecenoic acid: OA) is one of the major surfactant used to stabilize PbS
quantum dots (QDs) during the synthesis procedure of the precursor-rapid-injection method®?, forming
strong chemical bond between the carboxylic acid and the lead atoms and thus reducing the surface
energy of the QDs. However, previous studies on OA by Raman scattering were focused on the
transitions of crystalline phases at deliberately dropped temperature®® 54 and no publications by EC-
SERS have reported OA served as capping ligand, so that it is hardly to know the interaction between
the single nanoparticle and surfactant fr

In this chapter, we studied SERS spectra of OA molecule as surface function of various sizes of PbS
QDs coupled with gold nanodimers (NDs) fabricated via angle-resolved nanosphere lithography (AR-
NSL) under near-infrared light irradiation both in air as well as in electrolyte environment. Modified
spectra of OA were observed thanks to the improved polarizability by the enhanced electric field

generated by the PbS QDs-Au NDs system. The binding mode between carboxylate head and Pb atoms
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was determined as bridging bidentate for all PbS QDs varied in size according to anti- and symmetric
stretching of COO . Notably, size-dependent Raman shift of vibrational modes approaching to
carboxyl bond was considered stemming from size-controlled excitation of PbS QDs involving hole
trapping in surface dangling induced states. And negative potential-induced change in vibrational
modes was ascribed to electron transfer and variation in bond strength of OA in the ultra-small space
between QDs and metal surface. Size-dependent LO phonon mode of PbS QDs was investigated owing
to phonon confinement assisted by the near-field of LSPR. The observed competition between phonon
emission and energy transfer to ligand vibrations confirms various pathways for intraband relaxation,
and highlights the advantage of the size-tunable CQDs-plasmon coupling system in the exciton-

vibrational coupling regime.

3.2 Experimental

3.2.1 Preparation of Au-NSL substrate:

The detailed procedure has been reported in our previous publications.® 56 Briefly, gold nano-dimer
substrate was fabricated via angle-resolved nanosphere lithography (AR-NSL). Polystyrene
microspheres (PS beads) with average diameter of 200 hm was dispersed on a well washed hydrophilic
ITO glass.%” Triangle Au dimer arrays were deposited via electric beam vaporization (quartz crystal
monitor CRTM-6000, ULVAC; 3KWE-type electron gun, ANELVA; compound molecular pump TG-
800F-B, OSAKA Vacuum Ltd.) between the gaps of the PS beads with well-adjusted repeated
condition containing a deposition angle of £10°and a thickness of 10 nm at a deposition rate of 0.20

nm/s. Then the PS beads were well washed in Milli-Q water via ultrasonic for 1 min.

3.2.2 Sensitization of PbS QDs

OA-capped PbS QDs (purchased or synthesized) was diluted in argon-degased dehydrated hexane.
The above PbS QDs dispersion was drop-casted onto the surface of Au-NSL substrate. It was spread
into a circle of about 2 cm? in diameter with a particle density of 1.7E+13, 1.2E+13, 1.8E+12 cm? for

OP-728, OP-750 and OP-1101, respectively. After solvent evaporation, Raman measurements were
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taken on these samples.

3.2.3 SERS measurement

Raman measurements were performed via an inverted Raman spectroscopy of Nanofinder®30 (Tokyo
Instruments, SOLAR TII) with a 100x objective lens (Nikon TU Plan ELWD, NA=0.80, WD=4.5
mm). NIR laser light of 785 nm (Eex =1.58 V) was obtained from a diode laser (\ortex™ 6000 laser
controller, Tokyo Instruments). Polarized excitation light was obtained by using a half wavelength
plate. The output laser intensity was tunable via a ND filter yielding an estimated spot size of
irradiation, 1 pm, and was measured via power meter (OPHIR Japan LTD.). Raman measurements
were carried out at the backscattering configuration collecting the scattering photons. The CCD
(CS230B CCD color camera with OLM PUS SZ-CTV and CA180 camera adapter, Teli) equipped
with a cooler (solver, scanning probe microscope) resolution of 785 nm is 3.94 cm*. The silicon line
at 520.8 cm was used for the calibration. All the measurements were performed with laser exposure
of 1 s under a constant temperature of 25 °C.

Electrochemical SERS measurement was performed via a three-electrode system in electrolyte of
sodium hydroxide (NaOH) aqueous solution (pH=13). Hand-made Ag/AgCl (sal. KCI) and Pt narrow
sheet were respectively used as the reference and counter electrodes. Negative polarized potential was
well controlled by a potentiostat (HA-151B, Hokuto Denko) and an oscilloscope (TDS 2004B,
Tektronix) and was selected in order to avoid oxidation reaction according to the Pourbaix diagram of
galena. The Fermi level of Au-dimer will be tuned as changing the polarized potential. Samples were

measured under laser irradiation for 1s.

CE:Pt— 0.1 MNaOH (pH=13)

WE: PbS QDs/Au-NSL/ITO
PbS particle density: 1.2 E+13 cm?2

X 100 objective lens
(€ M2 polarizer

Laser
A=785nm | ¢ Beamsplitter

CCDdetector

Figure 3.1. Schematic of the electrochemical SERS measurement




3.2.4 Finite-difference time-domain (FDTD) simulations

Finite difference time domain method (FDTD) of solving Maxwell equations was used to calculate
nanoparticles extinction and electromagnetic field distribution. A commercial software, EEM-FDM
(Ltd. EEM, Japan), was employed to carry out FDTD analysis for Au NP-PbS QD coupling system.
Wavelength-dependent optical constants of bulk Au and bulk PbS were taken from the references®: .
The systems were illuminated with a s-polarized plane wave with the electric field amplitude of 1 V/m.
Boundary condition of perfectly matched layers (PMLs) were used to absorb the scattered radiation in
all directions. The environment was set as the vacuum. Meshes were set sufficiently small in order to
calculate local-field enhancements with sufficient spatial resolution; the details are listed as the
following: 0.2 nm in the gap of Au NP-PbS QD as well as the space containing PbS QDs, 0.5 nm for
the space containing bulk Au sphere, and 1 nm for the vacuum domain. The field was calculated as

the ratio of its value at a given point relative to the incident field, |EJ/|Eq|.

3.3 Results and discussion

3.3.1 Characterization via AFM and Absorption Spectrum

For fabricating metal nanos