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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 ~ 300 wm occupy most of the solar-
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 Earth’s crust. In addition, a variety 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



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 noble metal’s free electrons strongly oscillate in
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 &r Rex NM
PbS 0.41 ~0.1mo 0.1mo 170 18
Cds 2.53 0.2mo 0.7mo (L), 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)+ .
HR 2

Where u=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

E ¢5(QD) = Ecg (BUIK) + (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 <<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 em. The electric field of light is

E = E, exp(—at)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¢,0E (5)

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

a=4nga’ %
&+ Em (6)
The denominator reaches a minimum at:
RE(S((())) = —Zé‘m (7)

This is where the enhancement of absorption, scattering and local electric field comes from.
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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
frequency (wp) against the immobile 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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Where &; and ¢; are respectively the real part and the imaginary part of ¢, T is the relaxation time of
the free electron and y=1/t is the intraband damping frequency.

The plasma frequency wy of a bulky metal is given by

o,= Jne? /e,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 wisper can be determined from Eq.11 to be
OLepr = 0, 1 1425, (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®> % presented a solution to Maxwell’s equations2-4 that describes the extinction spectra
(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.,. = 4nka’lm(Z_Em_
abs (8+28m)

_8m, 46, E-C

C k*a®(——==)?
“ 3 (s +2¢, )
c - 9w,V g,
o ¢ (g,+2¢,) +e)] (11)

Where k=2xn/ A 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 e1=-2em, the cross sections are enhanced. For

nanoparticles with a << 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 (wp) 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
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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
a crystal and to calculate their energies (or frequencies, ®) as a function of their wavevector (. The

relationship o () is called phonon dispersion.

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.

AQAr >h/4x (12)
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Where Ag 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 ¢ =~ 0 and the Raman spectral peaks are the narrow spectral
lines at bulk frequency of wo (Figure 4). But in nanostructured crystal, the wavevector uncertainty
leads to the relaxation of the selection rule of g = 0 in 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 wo), phonons of smaller energy dominate in the scattering process, leading to red-

shifted Raman shift.

@ ¢ l:

S i
Intensity (a.u.)

q 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,
¢ = 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 paths in an “L” configuration. The electrochemical cell 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 um, 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 um with the resolution of 0.4 nm. Image mapping was obtained with a slit width of

50 um with exposure of 1 s and irradiation cut-off interval of 40 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 M, (orange), lead M, (blue), titanium K, (red) and tin L,
(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 (m¢e*) 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 102 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’ numerous applications.?? Type of organic adlayers serving as 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 from the “complicated” results given by nanoparticles systems.

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 um, 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 nanostructures, physical methods such as evaporation or sputtering can avoid
spectrum interference from surfactant of metal nanoparticles and thus improve SERS activity of the
substrate. Angle-resolved nanosphere lithography (AR-NSL) enjoys great advantage in fabricating
homogeneous arrays with controlled size, shape, and inter-particle spacing comparing with other
physical techniques.®® The structure of the Au nanodimer on ITO glass substrate was inspected by an
atomic force microscope (AFM, Nanoscope-llla, Digital Instruments) in air. AFM image of Au-NSL
illustrate the average size and thickness of the gold nano-dimer (Figure 3.2 top). Extinction spectrum
of the Au nanodimer structure was measured by polarized light, giving longitudinal extinction peak
around 785 nm (Figure 3.2 middle) which matches the excitation wavelength for Raman scattering,
indicating an expected enhancement of Raman signals. The substrate was respectively sensitized by

OP-728, OP-750 and OP-1101 as mentioned in Chapter 2.
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AFM Image of Au Nanodimer
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Figure 3.2. (Top) AFM image and (middle) extinction spectrum of Au nanodimer. (Bottom)
Normalized absorption spectrum of size-controlled colloid PbS QDs respectively with 1st exciton peak
around 1101 nm, (synthesized at 150 oC, marked as orange), 750 nm (purchased, marked as purple)
and 728 nm (synthesized at 100 °C, marked as blue). Dotted line illustrated the excitation laser light
at 785 nm.

3.3.2 SERS of Size-Controlled PbS QDs Measured in Air
3.3.2.1 Modified Spectrum of OA via SERS

Figure 3.3 illustrates the Raman spectroscopy of OA molecule (wine) and as capping ligand
surrounding PbS QDs respectively with excitation wavelength of 728 nm (d=2.3 nm, blue), 750 nm
(d=2.4 nm, purple) and 1101 nm (d=3.7 nm, orange) on Au-NSL under laser excitation of 785 nm
measured in air, and assignments were summarized in Table according to references.® 5

The neat liquid of OA on slide glass measured via normal Raman (Figure 3.3, green) in agreement
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with the publication®® exhibit broad peaks containing several overlapped vibrational modes across the
whole spectrum due to the melt amorphous states in 25 °C in comparison with the vibrations of the
crystallized y phase measured in -18 °C (Figure 3.3, navy).>® That is to say, normal Raman scattering
can present much more meticulous peaks of OA molecule only carried on at a temperature lower than

the melting point owing to the crystallization of OA molecule.

On the other hand, SERS signal of OA molecule both on Au-NSL substrate and as surface
modification of PbS QDs displayed increased sensitivity for the vibrations which were detected by
normal Raman including the Olefin group modes (C=C-H out-of-plane bending around 700 cm™* and
C=C-H in-plane bending at 1260 cm?) as well as the polymethylene modes (CH3 rocking at 846 cm-
!, C-C stretching around 1060~1200 cm™, CH, twisting at 1295 cm* and CH> scissoring at 1432 cm
1). Compared to the spectrum in -18 °C (navy), SERS measurements of PbS QDs on Au-NSL present
distinctive vibrations consisting of the Olefin group modes at low Raman shift region (C=C-C bending
around 570 cm ™ marked as azure), the Carboxyl group (C-C stretching modes around 900 cm marked
as pink, a-CH; bending around 1410 cm™ marked as azure) and the polymethylene modes (CH:
rocking around 1170 cm™ marked as azure). Such phenomena demonstrate the validity of surface
plasmon resonance in modified spectrum detection that previously only can be obtained at a low

temperature.

In addition, vibrations of COO- symmetric and anti-symmetric stretching®? 63 respectively around
1370 and 1550 cm (marked as orange and yellow respectively) instead of C=0 stretching at 1645
cm™? were observed, because OA molecule stabilizing PbS QDs form strong covalent-like bond
between oxygen atom in the carboxylic acid and the lead atoms during the synthesis procedure of the
precursor-rapid-injection method.5? It has been reported®-7 that the type of the interaction between
the carboxylate head and the metal atom can be diagnosed by the anti-symmetric stretching especially
by the wavenumber separation, A, between the anti- and symmetric stretching via IR: monodentate (A
of 200~320 cmY), bridging bidentate ( A of 140~190 cm?), chelating bidentate (A <110 cm™), and
ionic interaction. Since IR and Raman share the same vibration frequency for an unforbidden vibration

of molecule, in the present work, the A (188, 157 and 175 cm™ respectively for OP-728, 750 and 1101)
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is ascribed to bridging bidentate, where the interaction between the carboxyl group and the Pb atom is

covalent (Figure 3.5).

Furthermore, such vibration modes of carboxylate were also observed for the OA/Au-NSL substrate
as the carboxylic group can be easily chemisorbed on gold surface even under a self-assembly
process.58 A splitting of vas(COO") with A of 181 and 215 cm* as well as the significant O-H bending
at 923 cm indicated a mixed construction between OA molecules and gold nanodimers containing
not only bridging bidentate and monodentate with Au atoms, but physical absorbed molecule without

any chemical binding.

OP-1101/Au-NSL {‘ [200 cps|

Raman intensity

OA@E) N AN A

OA (18 °C) Ml IA m h

OA Infrared spectrum
(Transmittance)

600 800 1000 1200 1400 1600
Raman shift (cm™)

Figure 3.3. SERS spectrum of oleic acid molecule on Au-NSL substrate (wine) and as capping ligands
surrounding PbS QDs with 1% exciton peak of 1101 nm (orange), 750 nm (purple), 728 nm (blue) on
Au-NSL substrate; normal Raman spectrum of neat OA liquid on cover glass (green) and in
publications measured at 25 (black, ref 1) and -18 °C (navy, ref °3). Infrared spectrum of OA neat
liquid (bottom, ref®). SERS signals were irradiated and recorded for 1 s by a laser of 785 nm with the
intensity of ~0.3 mW in air and were averaged for 3 times. The inevitable fluorescence background of
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PbS QDs was subtracted. Normal Raman for OA neat liquid on glass was irradiated and recorded for
60 s by a laser of 13 mW. Laser intensity was normalized to 0.3 mW for all the measurements including
parallel (solid line), perpendicular (dotted line) polarization and normal Raman. Distinct vibrational
modes of OA surrounding PbS QDs are marked as: enhanced vibrations compared with neat liquid
OA (azure areas); size-dependent shifted C-C (carboxyl) stretching (pink area) and COO- symmetric
stretching (orange area); and COO- anti-symmetric stretching (yellow area).

Table 3.1 Raman-shift and modes assignments of oleic acid

Raman shift (cm™)
OA neat liquid OA | op-728 | OP-750 | OP-1101 Assignments
on glass, in air on Au-NSL, in air
572 568 583 564 C=C-C bending
655, 702 701 C=C-H out-of plane bending Olefin group
723, 967 964 716 950 972 C=C-H out-of plane bending
1260 1244 1272 1253 1245 C=C-H in-plane bending
846 815, 860 860 825, 853 876 CHa rocking, chain-end tg, gg, gt
1062 1069 C-C anti-symmetric stretching
1079 1088 C-C stretching, COOH-sided chain disordered
1115 1129 1112 C-C stretching, CHs-sided chain disordered Polymethylene
1175 1162 1194 1173 CHa rocking chains
1295 1286,1315 1305 1289 1290 CHz twisting
1435, 1451, 1468, . .
1432 1485 1472 1466, 1488 1490 CHa scissoring
898 905 914 C-C (carboxyl) stretching
923 O-H bending
1410 1416 1425 a-CH2 bending Carboxyl
1369 1366 1372 1380 COO" symmetric stretching group
1550,1584 1554 1529 1555 COO anti-symmetric stretching
1645 C=0 or C=C stretching

Vibrational modes are marked in colors consistent with that in Figure 3.3 and 3.4a.

3.3.2.2 Distinct Enhancement and Size-Dependent Raman Shift by PbS QDs

Besides the spectrum modification of vibrations related to the carbon skeleton contiguous the Au NDs,
vibrational modes of OA molecule closed to PbS QDs were also examined. In contrast with neat liquid
of OA, OA/AuU-NSL (Figure 2) and PbS QDs/glass (see Figure S1 in Sl), PbS QDs-coupled Au-NSL
system created an unique vibration of C-C (carboxyl) stretching around 900 cm2, a vibrational position
closed to the COO-Pb bond but far away from the surface plasmon. Such enhancement definitely
evidenced that PbS QDs further enhanced the electromagnetic field generated by localized surface
plasmon resonance (Figure 4), a phenomenon which have been proposed by FDTD simulation*® and

confirmed by photo-electrochemical measurements.? Moreover, the frequency of this C-C (carboxyl)
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stretching band blue-shifted by as much as 16 cm™ as the bandgap exciton wavelength altered from
728 to 1101 nm. Similar blue-shifted phenomena were also observed for COO- symmetric stretching
as well as a-CH; bending (orange and pink in Figure 2 and 3a, respectively).

The reason to explain such tendency can be considered from variation in charge density of COO
bond induced by a different interband excitation degree of PbS QDs under a NIR laser. As the
distribution of charge density in a molecule influences its vibrational spectrum, ligand—QD interaction
rationally leads to a significant redistribution of electron density according to Mulliken charges of
ligand atoms calculated by DFT. 7 A carboxyl group can only passivize nonbonding Pb?* ion on a
QD’s surface, leaving S ion as dangling bond and forming valence-band-associated surface trap
states.?® When PbS QDs are excited (process 1 in Figure 4) and create electron-hole pairs, the surface
trap will capture the hole escaping to the surface (process 5 in Figure 4), consequently reducing the
repulsive force between S and COO-, and moving the electron cloud of O atoms towards Pb atoms.
As a result, the electrostatic interaction contributes to enriching the COO- bond strength so that
frequency of the symmetric stretching bond blue-shifts. Such inductive effect become much more
significant for OP-1101 rather than OP-728 as the former enjoys completely excitation by a NIR laser
of 785 nm while only partial to the latter can be excited due to a wide size distribution (Figure 3b, CB

and VB were calculated according to size-dependent properties’).

In addition, besides the size-dependent excitation, another reason for the large blue-shifted
vibrations by OP-1101 is considered from a larger amount of trapped holes additionally produced by
the LSPR near-field. Since a QD with an increasing size can boost the enhancement in electromagnetic
field engendered by a noble metal particle (as roughly illustrated as the background in Figure 4) owing
to improved scattering efficiency by a larger size,*® consequently, instead of OP-728 and OP-750, OP-
1101 intensify the near-field most and the near-field contrariwise augments the generation of electron-
hole pairs as confirmed by photoelectron collection® as well as a quenched luminescence intensity

compared with PbS QDs on a slide glass (see Figure S1 in Sl).

On the other hand, OP-750 produced the most meticulous spectrum by coupling with gold

nanodimer, whereas OP-728 generated a similar spectrum compared with OA/Au-NSL and vibrations
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involving carbon skeleton around 1000~1130 cm was seldom detected for OP-1101. A plausibly

explanation is that the electron transfer from excited QDs to Au NDs complicates the polarizability of

the C-C bonds to some extent (process 2 in Figure 4). In a view of dynamics, molecular vibration

lifetime around tens of femtosecond’ is comparable with the same time scale of electron injection,

such as several femtoseconds from excited PbS QDs into TiO>,”® indicating that a fast electron transfer

will intensely influence molecule vibrational scattering by transiently inducing or redistributing

electron clouds of OA molecule and modifying dipole moment of relevant vibrational modes.

Variations in polarizability by highly arrayed Au nanodimer is also ascribed for deficiency in detecting

vibrations above 2800 cm for all the SERS measurements.
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Figure 3.4. (a) Size-dependent blue-shifted vibrational modes of OA adjacent to PbS QDs: C-C
(carboxyl) stretching (pink) and COO- symmetric stretching (orange) as colored in Figure 3.3. (b)
Size-dependent excitation of PbS QDs by the NIR laser of 785 nm considering the wide size
distribution illustrated in colored regions (see the absorption spectrum in Figure 1 for details).
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785 nm including (1) excitation of PbS QDs with energy exceeding the bandgap (red solid line), (2)
electron transfer from QD to Au through the molecule chain (dotted line), (3) intraband relaxation via
phonon emission of the QD’s lattice (dashed line), (4) intraband relaxation by energy transfer from
QD to vibrations of OA ligand (dashed line), (5) hole transfer from QD to surface trapping state
generated by dangling bond of S? ions (dotted line), (6) interband relaxation by radiative
photoluminescence. Colored background roughly presents that the electromagnetic field generated by
localized surface plasmon resonance can be enhanced in the confined region between PbS QD and Au
nanostructure.

3.3.2.3 Size-Dependent LO Phonon Mode of PbS QDs

The phonon modes consists of the lattice vibrations in QDs was also observed for OP-1101 and OP-
728 on Au-NSL substrate (Figure 5a), Raman band around 220 cm™ was assigned as longitudinal
optical phonon mode at I point of Brillouin zone (LOr). Blue-shifted and narrowed FWHM of LOr
(Figure 3.6b) as decreasing the diameter of PbS QDs is ascribed to the relaxation of q=0 selection rule
by quantum confinement effect’* according to phonon dispersion wave of PbS neutron scattering’
and is in agreement with the publication.”® 7" Such successful phonon mode observation for ultra-small
QDs with fairly few lattice number evidenced the effectiveness of electromagnetic field generated by
PbS QDs-Au NDs system.

Furthermore, inhibition of phonon-assisted intraband relaxation has been expected because of the
sparse electronic states known as the phonon bottleneck,’® but controversially, fast electron-phonon
relaxation was also simulated as fast as several picoseconds,”® and detected for PbS QDs for 2~25
ps.16: 17 Perfect symmetry breaking and generation of dense electronic state stemming from surface
reconstruction by ligands,®® Stark effect from fluctuating local electric fields,*” breaking of the
inversion-symmetry of wave functions,®* or coupling with highly confined LSPR field,®? 8 may
account for the fastened phonon-assisted intraband relaxation, which followed by energy transfer from
QDs to organic ligand for 1~100 ns®-8 and photoluminescence around several ps for ultra-small PbS

QDs®:88 (process 3, 4 and 6 in Figure 3.5).
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As hot electrons and holes may perform opposite size-contributed relaxation pathway according to
theoretical calculation,: & in the present study, the lack of observation on lattice vibration for OP-750
which produced the most modes-enhanced vibrational spectrum of OA may be accounted from
competition between phonon scattering and energy transfer processes both serving as interband
relaxation (process 3 and 4 in Figure 3.5), in which the latter is facilitated by large extent of
hybridization between electronic states of OP-750 and OA molecule by highly coupled to LSPR in the
regime of strong coupling thanks to their closest excitation energy.®® Further investigation based on
theoretical simulation and transient dynamics in electromagnetic field could provide additional
information on thoroughly comprehending diverse energy losing pathways of hot carriers and give

insight into development of multiple exciton generation by IV-VI semiconductor QDs.
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Figure 3.6. (a) SERS spectrum of longitudinal optical mode at T" point of Brillouin zone (LOT') for

OP-728 (blue) and OP-1101 (orange) on Au-NSL substrate and bulk galena powder (blue). Dotted

lines are Lorenz fitting at the band maximum. (b) Size-dependent blue-shifted LOI" phonon mode.

Galena powder was exposed 1s and accumulated for 100 times by 5 mW NIR laser by an upright

microscope.55 Laser intensity was normalized to 0.5 mW for all the measurements.

3.3.3 Potential-dependent Raman intensity

Electrochemical measurements advance the SERS spectrum compared with SERRS of OA molecule
measured in the air (Figure 3.3, black) because of the reduction of the intense fluorescence background
in electrolyte. Further examination was performed by applying different polarized potential for the
OP-750/Au-NSL system as OP-750 present a most meticulous SERS spectrum.

EC-SERS of OA-capped PbS QDs absorbed on Au dimer was performed with negatively polarized

potential decreased from 0 to -0.4 V (Figure 3.7a). Especially under potential of -0.2 V, Raman shift
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of OA molecule presented distinct spectrum. Potential-dependent enhancement and reduction of
certain vibration modes were observed and marked in orange and purple areas, respectively. As
potential altered negatively, in contrast with the almost constant Raman intensity of the C-C anti-
symmetric stretching around 1062 cm (Figure 3.7a grey area and 4b black square-symbol-line), the
CHs-side (separated by the Olefin group) around 1115 cm decreased (Figure 3.7b, purple circle-
symbol-line) while CH; twisting around 1292 cm™ (Figure 3.7b, orange diamond-symbol-line)

increased apparently.

As has mentioned above, the Raman shift difference between the anti- and symmetric stretching,
A, almost kept in the range of 140~190 cm* as the potential negatively polarized from 0 V to -0.4 V,
indicating that the major binding mode between carboxylate head and Pb atoms is bridging bidentate

with a minor partial of monodentate (A of 200~320 cm™?).

Table 3.2. Raman-shift and modes assignments of oleic acid

Raman shift (cm™)
OA/AuU-NSL PbS/Au-NSL Assignments
(A 0V -02V | -03V | -04V
557, 578 568 583 C=C-C bending
698 691 C=C-H out-of plane bending Olefin arou
964 974 C=C-H out-of plane bending group
1266 1253 1266 1260 C=C-H in-plane bending
846 860 | St | 808 | 829 | CHsrocking, chain-endtg, gg, gt
1065 1062 1065 C-C anti-symmetric stretching Polvmethvl
1101 1122 1115 1129 C-C stretching, CHs-sided chain disordered 0 ycr?;ing ene
1174 1185 1194 1195 | CHarocking
1302 1292 1295 1292 | CHa twisting
1454 1438 CHa scissoring
895 898 C-C (carboxyl) stretching
1356, 1388 1331 1353 1343 1359 | COO symmetric stretching
1510, 1504, 1526, B . .
1529 1562 1526 1563 1519 | COO- anti-symmetric stretching Carboxyl group
179, 151, 183, 160 difference between anti- and symmetric
231 173 220 stretching of COO"

The reason maybe come from the configuration of the OA-capped PbS QDs/Au-NSL system
(Figure 3.7b, inset). As OA molecule serves as the surface modification of PbS QDs, the carboxyl
covalently bond the surface-active Pb atom, leaving the methyl end to physically absorbed on the
surface of Au. As the potential was polarized negatively, the accumulated electrons repulsed the

electron cloud of methyl end toward the carbon chain of OA and compressed the OA molecules
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between PbS QDs and Au nanodimer because of the less quality of molecule compared with PbS QDs.
The deviation of electron cloud induced lengthening the C-C bond separated by the Olefin group at
the CHs-side, thus reduced the stretching strength and red-shifted this bond towards low energy (Table).
Also such spatial compression did put disadvantage to the stretching and reduced Raman intensity
apparently (Figure 3.7b, purple circle-symbol-line). On the other hand, such spatial alternation of OA
molecule promoted vibrations sensitive to carbon skeleton concluding both the Olefin group such as
C=C-C bending at 583 cm, as well as the polymethylene chain, such as blue-shifted CH> rocking
(chain-end) at 867 cm, CH; rocking at 1194 cm, CH> twisting at 1292 cm™ and C-C (carboxyl)
stretching at 898 cm* (marked as orange areas) at -0.2 V (see Table for details) because of the altered

polarization of the ligand atoms.

Another reason for such variations can be explained by considering the strong coupling of the PbS
QDs-Au nanodimer system. As the potential was altered from 0 to -0.2 V, some number of electrons
were added to Au-NSL and can produce a shift in surface plasmon band position towards higher
energy.® 92 Consequently, the overlap between the bandgap energy of PbS QDs (1% exciton
wavelength of 750 nm) and the surface plasmon can be enriched and reasonably the coupling degree
of the present system will be improved. In this sense, modification of spectrum consisting of enhanced

and red-shifted bands was observed for major vibrations.

When the potential was switched to a more negative potential (-0.3 and -0.4 V, Figure 3.7a, green
and blue), due to the loose binding with Au, the desorption of the surface bound anions led to a

decrease of Raman spectrum.
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Figure 3.7. (a) EC-SERS spectrum of OA as capping ligands surrounding OP-750 QDs on Au-NSL
substrate under negatively scanned potential of 0 (orange), -0.2 (red), -0.3 (green) and -0.4 V (blue).
Signals were recorded and irradiated for 1 s by a laser of 785 nm in electrolyte of 0.1 M NaOH. Laser
intensity was normalized to 0.6 mW both for parallel (solid line) and perpendicular (dotted line)
polarization. Decreased and blue-shifted, increased and red-shifted, and almost constantly remained
vibration modes are marked as purple, orange and grey, respectively. (b) Potential-dependent Raman
intensity at 1115, 1292 and 1062 cm™ as marked in purple, orange and grey areas in (a). Inset is the
schematic view of OA-capped PbS QDs/Au-NSL system. (c) Energy level diagram for OA-capped
PbS QDs system. Energy of charge transfer from the HOMO of OA to CB of PbS QDs is 3.12 eV.
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3.3.4 FDTD simulation of PbS QDs coupled Au NP system

The enhancement mechanism of the PbS/Au system was examined. First, charge transfer effect
between PbS QDs and capping ligands of OA was considered according to the size-dependent band
energy of PbS QDs. The HOMO and LUMO energy levels of OA was obtained by density functional
theory with B3LYP exchange—correlation functional, according to a publication.®® As shown in Figure
3.7¢, the proposed minimum charge transfer energy from the HOMO of OA molecule to CB of QDs
and to Au surface at potential of -0.2 V are respectively 3.12 eV and 2.13 eV, sufficiently larger than
the current excitation energy of 1.58 eV (785 nm), suggesting the enhancement of Raman spectra was

not stemmed from charge transfer mechanism.
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In order to examine the electromagnetic enhancement, we utilized Finite-Difference Time-Domain
method (FDTD) to simulate the electric field distribution of the PbS QD-Au NP hetero-system, simply
assuming the size of PbS QDs to be 1.6 nm with a distance of 0.6 nm separated both from Au NP and
from other close-packed PbS QDs in vacuum. The electric field generated by Au NP was confined
within the gap between the Au NP and the near-by PbS QD, because of the unique dielectric and
metallic property of PbS.*° The wavelength-dependent electric field in the center line within the gap
gives maximum value at 520-530 nm, which is comparable to the extinction spectrum of Au
nanoparticle.®? Stronger electric field at slightly shorter wavelength was generated by a single PbS QD
in comparison with the close-packed numerous PbS QDs system (Figure 3.8g). The results indicate
that the dielectric and metallic property of PbS QD combined to Au nanoparticle undoubtedly enhance
the near-field generated by localized surface plasmon resonance. As the coupling number of PbS QDs
increases, although the enhancement at the center spot decreases due to possible reduced scattering
efficiency, the overall enhanced area is multiplied and thus can boost the enhancement between QDs
and Au nanoparticle. The theoretical calculation demonstrates the availability of the remarkable SERS

scattering of OA molecule surrounding PbS QDs by well coupling with Au NP.
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Figure 3.8. Results of FDTD simulation for Au-PbS hetero-system. (Left) Upper row: electric-field
distribution excluding the incident field; lower row: the corresponding spatial electric-field
distributions along the center line connecting Au and PbS (red dashed line). System of Au (D=20 nm)
and PbS QD (d=1.6 nm) separated with 0.6 nm at the gap at the wavelength of 531 nm: (a, d) 1 QD,
(b, &) 3QDs, and (c, f) ¥ QDs in a close-packed single layer. Inset: schematic illustration of the system
and top view of the numerous QDs (f). The 0 point along z-axis was set as the center between Au and
PbS. (Right) Wavelength-dependent maximum value of the electric field between the gap along the
center line of the Au-PbS hetero-system. (a) and (c) are reproduced from J. Phys. Chem. C 2015, 119
(38), 22092 (ref32). Copyright 2015 American Chemical Society.
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3.4 Conclusions

Experimental SERS studies of oleic acid as capping ligand of PbS QDs on Au nanodimer arrays have
shown that the modification in the vibrational spectrum extremely depends on the QDs’ size. The
binding mode between oxygen atom of carboxylate head and Pb atoms was determined as bridging
bidentate for all PbS QDs varied in size according to anti- and symmetric stretching of COO-.
Investigations of blue-shifted vibrational modes nearby QD’s surface is attributed to inductive effect
by size-dependent excitation involving the surface trapping of hole in the enhanced electromagnetic
field created by coupling PbS QDs with localized surface plasmon resonance. Lattice vibration of PbS
QDs assigned as confined LO phonon mode presents size-dependent shift and FWHM because of
relaxation of g=0 selection rule by phonon confinement. Best coupling between OP-750 and Au
nanodimers brings out the most meticulous spectrum of capping ligands whereas lacks in phonon
emission, indicating the hybridization between electronic states of a coupled system affects the
selection for a most preferred interband relaxation way including scattering phonon and energy
transfer to surfactants. Potential-dependent variations of vibrational modes were investigated and
explained by considering the electron transfer and static Coulomb interaction between OA molecule
and Au surface. The FDTD simulation indicates electromagnetic mechanism plays significant role in
the enhancement. The present observation proves apparently that the PbS QDs can be efficiently
excited by localized surface plasmon resonance of Au nanostructure via effective band excitation of
electrons in the PbS QDs. The control of electrochemical potential is the way to control the interaction

between the PbS QDs and Au.
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Chapter 4

Construction of Photocurrent Generation System using PbS Quantum Dots

Coupled with Au Nanostructures on TiO2 Electrode

4.1 Introduction

Benefiting from relatively larger Bohr radius of 18 nm, lead sulfide (PbS) is capable to exhibit strong
guantum confinement effect. PbS QDs-sensitized photoelectrochemical cells based on titanium
dioxides (TiO,) have been confirmed to perform efficiently not only in photoenergy conversion® 2 but
also in photodegradation or photocatalytic reduction of molecules® 4 by various synthesis approaches.®>
% Surface plasmon resonance is a robust approach in advancing the applications of PbS QDs-based
photoenergy conversion owing to enhanced electromagnetic field by coupling dielectric PbS with
noble metal nanostructures.'0-1?

As the concept for the further improvement of photoenergy conversions, the use of multiple exciton
generation (carrier multiplication) has been proposed. A high energy photon can excite more than two
pairs of electrons or holes in semiconductor and credibly exceed the Shockley-Queisser limit of ~33%
by traditional photoenergy devices,*316 has boosted intense studies focused on intrinsic properties of
colloid PbS QDs including inter- or intraband relaxation processes of fluorescence blinking,'”- 18 Auger
recombination,'®?? phonon-assisted intraband relaxations?: 2 based on determination of various
processes’ lifetime. However, compared to electron transfer?>28 or electron/hole trapping by surface
state,?>-3! research on hole transfer between QDs and inorganic electrolyte has been merely studied.

Instead of triiodide/iodide (13°/ I") electrolytes, sulfide redox couple (S%/S,?) for hole scavenging
plays a crucial role in stabling lead chalcogenide-based QDs-sensitized photoelectrochemical cells
(QDSC) from degradation. Dynamics of interfacial hole transfer process from QDSC to polysulfide
has been discussed by transient absorption,®? but best to our knowledge, potential-dependent relation

between electron and hole separation remains blank. Infrared PbS QDs exhibiting MEG in visible light
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region has been confirmed to benefit photo-electrochemical conversion thanks to the well coupling
with plasmonic gold nanoparticles according to previous study by our group.®® In this chapter, a
coupling techniques by simultaneously electrochemical surface-enhanced Raman scattering and
photoelectric response measurement was utilized to reveal electron-hole pair separation of infrared
PbS QDs-sensitized TiO/Au/TiO: electrode in electrolyte containing sulfide redox couple (S%/Sy?%).
Raman intensity of polysulfur vibrations and collected photocurrent were observed increasing as
potential polarized from negative to positive, because the improved charge separation efficiency at the
PbS/TiO- interface under positive potential benefits electron injection from excited PbS QDs and
subsequently facilitates hole transfer to S?- donor. Fast enough hole transfer at a more positive potential
from PbS QDs by S? than that of electron transfer is required for the effective charge separation to
achieve overall high conversion efficiency even though multiple excitons are generated. The
observation by coupling techniques provide insights in better understanding charge separation

processes and designing QDs-sensitized photoelectrochemical cells based on MEG.

4.2 Experimental

4.2.1 Sensitization of PbS QDs

OA-capped PbS QDs was diluted in argon-degased dehydrated hexane. The above PbS QDs dispersion
was drop-casted onto the surface of TiO2/Au/TiO; substrate. It was spread into a circle of about 2 cm
in diameter with a particle density of 2.3 x 102 cm. After solvent evaporation, Raman measurements

were taken on these samples.

4.2.2 Simultaneous EC-SERS and photocurrent measurements

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). Visible laser light of 514.8 nm (Eex =2.4 eV) was obtained from an argon gas laser (Tokyo Keiki).
The output laser intensity was tunable via a ND filter yielding an estimated spot size of irradiation, ~1

um, and was measured via power meter (OPHIR Japan LTD.). Raman measurements were carried out
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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 514 nm is 6.2 cm™. The silicon line at 520.8 cm* was used
for the calibration. All the measurements were performed under a constant temperature of 25 °C.

Electrochemical SERS measurement was performed via a three-electrode system in electrolyte of
0.05 M NapS and 0.1 M NaOH aqueous solution (pH=13). Hand-made Ag/AgClI (sal. KCI) and Pt
narrow sheet were respectively used as the reference and counter electrodes. Polarized potential was
well controlled from -1 V to +0.5 V with an interval of 0.1 V by a potentiostat (HSV-110, Hokuto
Denko). The Fermi level of TiO, will be tuned as changing the polarized potential. Simultaneous
Raman spectrum and photocurrent were measured under laser irradiation for 30 s by an intensity of
80 uW.

CE:Pt — 0.05M Na,S+0.1 M NaOH
(pH=13)

WE: PbS QDs/TIO,/AWTIO,

x 100 objective lens

Laser )
A=5148nm | ¢ Beamsplitter

CCDdetector

Figure 4.1. Schematic of the electrochemical SERS measurement

4.3 Results and discussion

4.3.1 Potential-dependent SERS spectrum and simultaneous photocurrent

EC-SERS spectrum of OP-1344/TiO2/Au/TiO; electrode was measured under the potential altered
from -1V to +0.5 V (vs. Ag/AgCI) in an electrolyte of 0.05 M Na,S+0.1 M NaOH aqueous solution
(Figure 4.2a, red). As potential polarized from negative to positive, enhancement of vibrations at 155,
222 and 474 cm* was investigated and assigned as S-S-S bending and S-S stretching of the polysulfide
di-anions Sy>".3* Such vibration change is resulted from the potential-dependent chemical reaction of

the donor of S? in the electrolyte oxidized into Sy? by the hole excited in PbS QDs, 32 as illustrated
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in Figure 4.2c. Control experiments of TiO2/Au/TiO, and TiO, were also examined under the same
conditions but the evolution of the band assigned to Sy>~ was not observed (see Figure A4.1).

Potential-dependent Raman intensity of S-S-S bending at 222 cm* and the simultaneous generated
photocurrent were summarized for the three sorts of electrodes (Figure 4.2b). As the potential altered
to positive direction, both Raman intensity of polysulfur vibrations as well as the photocurrent of OP-
1344/TiO2/Au/TiO, (red) were increased, because the Fermi level in TiO, moves downwards
corresponding with a more positive potential (Figure 4.2c) and enlarges the potential gradient in
TiO, which consequently benefits fast the electron injection into TiO; via the excitation of PbS QDs,
leading to effective electron-hole separation to remain holes at the interface. As previously reported,*%
33 the significant photocurrent is attributed to not only the enhanced electromagnetic field by coupling
dielectric PbS QDs with localized surface plasmon, but also the contribution of multiple exciton
generation. PbS QDs with relatively small band gap in near-infrared region, as OP-1344 used in the
present study, excited by visible light with energy exceeding 2.6 times of the bandgap produce multiple
exciton for the electron injection from the conduction band of PbS fairly approximates to that of
anatase TiO; (Figure 4.2c). In addition, increase in the photocurrent saturated from -0.3 V, more
negative than that in the polysulfur from +0.1 V (Figure 4.2b), credibly because of the different
dynamics on time scale between electron and hole transfer. Electron transfer from PbS QDs into TiO»
NPs has been estimated with a time scale of femtosecond,® tremendously more rapid than hole
scavenging by donor of S* on a nanosecond scale®? and radiative recombination detected as
photoluminescence around 1 ps.®® Such slow hole scavenging may limit electron-hole pair separation
of QDs and obtainment overall high conversion efficiency even though multiple excitons are generated.
Moreover, vibrational modes of OA, the surface modification of PbS QDs, unfortunately, was not
detected due to not only the relatively lower excitation intensity with weak resonance but also the
enlarged distance between PbS QDs and Au NPs by the 2" layer of TiO, in comparison with a direct
contact as descripted previously.

As for the control experiments, photocurrent measurements for both the bare TiO2 and the plasmonic
TiO2/AU/TiO, electrodes were carried out (Figure 4.2b, blue and orange, respectively). The extremely

limited photoelectric response of the bare TiO; electrode is attributed to the TiO, doped by S ions from
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the electrolyte, showing the photocurrent response in visible light region due to the intermediate states
in the bandgap of TiO». The response of the plasmonic TiO./Au/TiO> electrodes results from enhanced
excitation of the intermediate states by LSPR. The LSPR field also facilitates the formation of a hot
electron-hole pair: the electron is collected by TiO and detected as photocurrent!® whereas the hole
oxides water3’- 38 rather than S> because of more positive potential of O./H,0 than S/S>. Supplemental
examination was also performed by increasing excitation intensity (Figure A4.2), showing apparent
Raman bands of  S,?.but TiO2 phonon modes assigned as anatase®® “ irradiated by a relatively high
laser intensity of 1.61 mW. Such investigations confirms that the charge separation and transfer
processes by PbS QDs dose benefit photoelectric conversion efficiency for solar cells. Further
investigation based on potential-dependent relationship between photocurrent and photoluminescence
in electromagnetic field could provide additional information on thoroughly comprehending charge
transfer and radiative recombination processes under electrochemical environment and would

considerably advance development on IV-VI semiconductor QDs-sensitized photoelectrochemical cell.
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Figure 4.2. (a) EC-SERS spectrum of OP-1344/TiO2/Au/TiO> scanned potential from -1 V to +0.5 V
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(vs. Ag/AgCI) in electrolyte of 0.05 M NapS+0.1 M NaOH aqueous solution. Raman spectrum and
corresponding photocurrent signals were recorded simultaneously and irradiated for 30 s by a laser of
514.8 nm with the intensity of 0.08 mW. (b) Potential-dependent Raman intensity of S-S-S bending
band at 222 cm™ (top) and the coincident photocurrent (bottom) of OP-1344/TiO2/Au/TiO (red)
TiO2/AU/TiO, (orange) and TiOz (blue), respectively. (c) Schematic illustration of PbS
QDs/TiO2/AulTiO: electrode in contact with S*/S,? redox couple. The conduction and valence band
edge position was calculated in regard to the average size evaluated from the 1%t exciton wavelength
of 1344 nm.36 4 The flat band energy of TiO, with respect to Ag/AgCl (sat.KCI) refer to anatase*> 43
in alkaline aqueous solution (pH=13). Enhanced near-field generated by LSPR is confined between
Au NP and PbS QD.10: 11

4.4 Conclusions

Electrochemical surface-enhanced Raman scattering and corresponding photocurrent were measured
simultaneously for PbS QDs-sensitized plasmonic photoelectrochemical cell. Raman intensity of
polysulfur vibrations and photocurrent were observed at the positive polarization, because the
variation in the Fermi level controlled by potential altered the potential gradient in TiO; and
subsequently influences the efficiency of electron-hole separation in PbS QDs. Effective hole
scavenging from PbS QDs by S at the interfaces was successfully monitored by the present method.
Such coupling techniques provide a robust way in better understanding charge separation processes of

QDs-sensitized photoenergy conversion devices.
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Figure A4.1. Potential-dependent EC-SERS spectrum of (a) TiO2/Au/TiO, and (b) TiO2 scanned
potential from -1 V to +0.5 V (vs. Ag/AgCI) in electrolyte of 0.05 M Na,S+0.1 M NaOH aqueous
solution. Raman spectrum and corresponding photocurrent signals were recorded simultaneously and
irradiated for 30 s by a laser of 514.8 nm with the intensity of 0.08 mW.
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Figure A4.2. Excitation intensity-dependent EC-SERS spectrum of TiO/Au/TiO; (a) and TiO: (b)
irradiated for 30 s by 514.8 nm under potential of -0.1 V (vs. Ag/AgCI) in electrolyte of 0.05 M
Na,S+0.1 M NaOH aqueous solution. Vibration modes at 149 cm (Eg), and 643 cm™ (Eg) were
assigned as anatase TiO,. Decreased Eq mode at 149 and 643 cm is due to a fewer amount of TiO; in
the 2" layer covering Au NPs (less than 10 nm whereas about 100 nm for the 1%t layer!®). Enhanced
B1g mode at 402 cm™ and background at higher laser intensity comes from localized surface plasmon
resonance of Au NPs.
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Chapter 5

Enhanced Photocurrent Generation in Visible Light Region using PbS Quantum

Dots Coupled with Au Nanostructures on TiOz Electrode

5.1 Introduction

Plasmon-induce photoexcitation, owing to localized surface plasmonic resonance (LSPR), can be
applied to break a limit of photoenergy conversion via changing photoenergy localization and the
lifetime of excited states of materials'3. The noble metal’s free electrons strongly oscillate in 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.* The electromagnetic field of localized
plasmons can be tailored by changing the structure of the metal at the nanometer scale.® © Various
studies have focused on the application of the localized field at electrified interfaces for enhanced
photo-electrical conversion,” & photocatalytic reaction,® ° optical nanofabrication!, enhanced
illumination,*? and the modification of the selection rule of electronic excitation of an isolated
single-walled carbon nanotube®® or dye molecule.*

Further tuning of the target energy of photons would be realized by using quantum dots (QDs) to
sensitize tailored systems, because of the capability to present quantum confinement with diameters
smaller than the Bohr radius of their exciton.'® Lead sulfide (PbS) has relatively smaller effective
masses both of electron and hole, resulting in metallic properties, such as large dielectric constant
and characteristic Bohr radius of exciton (Rex(PbS)=18 nm), which is significantly larger than that
of typical compound semiconductors (cf. Rex(CdS)=3 nm). Therefore, the quantized confinement
could be more precisely tuned.'® PbS QDs with size variation are easily prepared with inexpensive
and relatively safe synthesis.'”"*® Size-dependent nonlinear optical properties, such as refractive
index,?% 2! lifetime of excited states,?? 2% and transfer time of exited electron and hole,?* %
consequently play an essential role in a PbS QDs sensitized system, especially for the promising
process of multiple exciton generation (MEG), which proposes a way to enhance the photo-electric
conversion efficiency because of the creation of two electron-hole pairs from a single high energy

photon.?6-3° The photovoltaic response of PbS QDs via MEG, however, is only available at relatively
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short wavelength, typically 4 <500 nm, which limits its application to visible response. The
electronic properties of QDs are critically dependent on the nature of capping ligand molecules on
their surfaces. Recent studies have indicated that the species of capping ligands to passivate a QD’s
surface defects serve as a considerable factor in electron transfer from an excited PbS QD into
photovoltaic devices.®" 3 In addition, research on SERS has reported that Raman signals of organic
molecules adsorbed onto the surfaces of PbS QDs can be enhanced, ascribed to chemical effects.3?

In this sense, nanoscale integration of noble metal nanoparticles (MNPs) and semiconductor QDs
is particularly promising because of their controllable optical properties: a strong continuous
spectral response (dielectric-confined electromagnetic modes) in MNP whereas discrete exciton
energies of QD.3* 35 When these two material systems are combined into heterostructures within
nanometer-scale, the long-range Coulomb interaction between them leads to a dipole-dipole
interaction, which will allow the tailoring absorption and emission properties,®-3 local
electromagnetic field enhancement, 3 %° creation of new excitations in the strong-coupling regime,*:
and controllable nanoscale energy-transfer processes.*?** Theoretical calculations have shown that
electric-field enhancement is available by coupling PbS QDs with Au NPs owing to metallic
resonance because of the metallic properties of PbS, and the enhancement is strongly dependent on
their sizes and distance.*® A recent study has demonstrated that PbS QDs sensitized photocurrent
can be enhanced by gold nanoparticles owing to LSPR, and QD-NP spacing dependent enhancement
was ascribed to the competition of the plasmonic near field and Forster resonance energy transfer.46
Effective enhancement was observed at relatively longer wavelength region ( 4 >600 nm), close to
the bandgap exciton wavelength of PbS QDs prepared by the successive ionic layer adsorption and
reaction (SILAR) method. Further improvement has also been expected at visible region where
plasmonic enhancement is available. Compared to colloid PbS QDs, the prepared PbS QDs via the
SILAR method has difficulties in tuning QDs’ size smaller than 5 nm, consequently the size-
dependent electronic states and optical properties for the sensitization in visible region remain
challenging. Sensitization methods employing in-situ growth techniques of SILAR may also
consider the recombination processes of excited electrons and holes due to the unpassivated surface
as well as the formation of QD clusters.*” Thus, it could be consequentially essential and meaningful

to discover the coupling effect of plasmonic Au NPs with metallic PbS QDs by tuning QDs’ size to
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enhance photoelectric conversion under visible light irradiation.

The aim of this work reported in this paper is to expand the resonance region by coupling
plasmonic Au NPs with size-controlled ultra-small PbS QDs not only in near infrared but also in
visible light region, and to study the electric field enhancement contribution in the photocurrent
generation based on photo-electrochemical measurement. Owing to the relatively small effective
masses of carrier, semiconductor PbS QDs exhibit metallic properties, which is reasonable to well
couple with gold NPs and will enhance the localized electromagnetic field. I change the capping
ligand of PbS QDs from isolated long-chain molecules of oleic acid (OA) into short-chain molecules
of 3-mercaptopropionic acid (MPA) and find that the ligand exchange process reduces the core size
of QDs via the absorption spectrum. | deposit these two different size of PbS QDs capped
respectively with MPA or OA on TiO2/Au/TiO nanoparticle substrates, in which TiO; are prepared
via liquid phase deposition (LPD). The effect of LSP on the enhancement of the photocurrent is
discussed based on the wavelength dependence of the enhancement at the substrate with distinct

amounts of MPA- and OA-capped PbS QDs on the substrate.

5.2 Experimental

5.2.1 Ligand Exchange

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 (see Table.1 in SI).

5.2.2 Preparation of PbS QDs Sensitized Electrode

Original OA-capped PbS QDs solution was diluted for different folds by Toluene (see Table.2 in
Sl). 40 pL of MPA- or OA-capped PbS QDs solution with diluted concentrations was dripped onto
the substrates of bare TiO or TiO/Au/TiO; substrates to cover the whole 4 cm? square substrate.

The excess MPA molecules were well washed down by methanol.

75



5.2.3 Morphology Characterization

The morphology of the electrode was measured by field-emission scanning electron microscopes

(FE-SEM, JSM-6700FT), using 5.0 kV electron beam with a magnification of 100,000 times.
5.2.4 Photo-Electrochemical Measurement

Incident photon to current efficiency (IPCE) spectra were measured using a system (see Figure
A5.2). lllumination from a 500 W Xenon lamp (USHIO optical modulex) was cut off for visible
light by using 440 and 800 nm filters (SCH-50s-44Y and CLDF-50s, SIGMA KOK!I Co., Ltd.), and
then passed through a computer controlled grating monochromator (Oriel cornerstone 130 1/8 m).
A power meter (MELLES GRIOT broadband power/energy meter 13PE MO001, Microprecision
Calibration Inc.) was used to measure the incident power through the monochromator for the
photocurrent measurement.

Steady-state on-off photocurrent responses were monitored at -0.1 V (against a Ag/AgCl(sat.KCI)
reference electrode) with a computer-controlled potentiostat (HABF-501A, Hokuto Denko). The
photocurrent was recorded by an amplifier (SRS SIM900 mainframe, Stanford Research Systems)
connected between a counter electrode of Pt coil and the working electrode of MPA- or OA-capped
PbS QDs sensitized TiO2/Au/TiO; substrate in the electrolyte of 0.05 M Na;S+ 0.1 M NaOH

aqueous solution.
5.2.5 Calculation for IPCE

The incident photon-current conversion efficiency (IPCE) of the PbS QDs sensitized substrates as
a working electrode is calculated by the following formula, where | and ¢ are respectively the
photocurrent density and power intensity density at a wavelength of A.

IpCE (%) = 22401
A

100
The IPCE, equaled to the external quantum efficiency (EQE), is determined as the ratio of the
number of electrons to the number of irradiated photons; however, what is neglected is the number

of the actual absorbed photon. Since absorbance efficiency scales with cubic diameter of

nanoparticle, it is rational to consider that PbS QD with larger size will absorb more photons than
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the smaller one, that OA-capped PbS QDs will yield higher IPCE than MPA-capped ones. However,
only the extinction of the PbS QDs sensitized substrates are able to be measured in this work (see
Figure S4 in SI) and the scattering counterpart remains unknown, hence it is difficult to determine

the absorbance of QDs dripped on substrates.

5.3 Results and discussion

5.3.1 Structure of TiO; Electrodes

Since the liquid phase deposition (LPD) process enables a uniform layer of TiO; film to
homogeneously coat on the entire surface of substrates, and the thickness of film is tunable by
simply controlling the deposition time,*® a construction of TiO/Au/TiO, was prepared by
respectively depositing thin TiO; film on FTO glass for 12 h via 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 (see
Figure S1 in SlI). 500 °C was chosen as the annealing temperature for the formation of Au NPs from
continuous film according to our best IPCE results of Au/TiO, by comparing the annealing
temperature of Au layer up to 200, 300, 400 and 500 °C, respectively. Then, a solution of PbS QDs
with different sizes and capped ligands of MPA or OA were dripped onto the substrate. The high-
resolution SEM images of TiO2/Au/TiO; substrates sensitized with PbS QDs are shown in Figure
5.1.

The characterization of the TiO2/Au/TiO; structure illustrates that gold nanoparticles, with an
average size around 20 nm, are well dispersed on the TiO; surface without dissolution even after
deposition of PbS QDs (Figure 5.1c and d). PbS QDs were quite reasonable not to be observed via
SEM whose resolution is limited for our ultra-small PbS QDs with average diameter less than 3 nm
(details are presented in the next section).The thickness of the microcrystalline thin film structure
of the 15t TiO; layer is about 100 nm (cross section image in Figure 5.1b), while the thickness of the
2" TiO; layer is less than 10 nm according to the experimental film formation rate.*® The distance
between PbS QDs and Au NPs should be appropriate to prevent quenching of the excited states
leading to enhanced photocurrent under plasmon-excitation as demonstrated in the previously

documented results.*6
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Figure 5.1. SEM images of (a) bare TiO»/Au/TiO, substrate, (b) the cross section image of
TiO./Au/TiO; substrate, (c) MPA-capped TiO2/Au/TiO substrate (PbS particle density: 2.4 x 103
cm2), and (d) OA-capped PbS QDs/TiO./Au/TiO, substrate (PbS particle density: 2.4 x 104 cm™2)

5.3.2 Substrate-dependent enhanced IPCE

Photo-electrochemical measurements were performed via a three electrodes system in an electrolyte
solution containing Na;S and NaOH (pH=13) (Figure S2 in Sl). Anodic photocurrents were
observed at the steady-state on-off responses under visible and near-infrared light illumination when
the substrates were polarized more positive than -0.5 V. Constant polarized potential of -0.1 V was
chosen for all the measurements because of sufficiently larger photocurrent responses without the
background interference duo to the large dark current in positive potential region (see I-V
characteristics in Figure S5 and S6 of Sl).

As for colloid PbS QDs, the average bandgap of OA- and MPA-capped PbS QDs were determined
by the absorption maximum corresponding to the 1%t exciton peak (Figure S3 in Sl), giving 1.6 and
2.3 eV, respectively. The average diameters of OA- and MPA-capped PbS QDs were estimated to
be 2.4 and 1.6 nm in diameter,% respectively. Within the Bohr radius of 18 nm, both OA- and MPA-
capped PbS QDs exhibit strong quantum confinement; in particular, the smaller PbS QDs capped
with MPA present a larger bandgap. Figure 5.2a shows the valence band and the conduction band
potentials of PbS QDs, which were calculated according to the size-dependent ionization energy
and values of bulk PbS (Eq=0.41 eV, Ecg=-0.29 V, Evs=0.12 V (vs. Ag/AgCl)).>! The flat-band
potential of anatase TiO. prepared by the LPD method was estimated to be at -0.83 V based on the
Mott-Schottky plot of the present LPD substrates and previously documented values of the band-

edge shifts of TiO, for 0.059 V/ pH at 298 K.> Both kinds of PbS QDs exhibit more negative
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conduction band potential than that of TiO; it is therefore reasonable for the electrons to transfer
from PbS CB into TiO, CB in the present system. 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 in the electrolyte under positive polarization for effective charge separation®

(Figure 5.2b).

(a)
MPA-capped PbS QD OA-capped PbS QD

HO,
3-Mercaptopropionic acid % Oleic acid —
o d J_/J
HS/\)J\OH s

Ecg -1.19
EF16eV

Eyp +0.41

d=2.4 nm

(b) Enhanced localized pH=13
electric field

- Ecs
Ecs 083 7 5
Visible light = . =
% £ s/s?
vB

E 01 '
Eyp +2.15 PbsS QD
’ B S punp 2

Tio,

10Bv/BY "sA A / lefuejod

Figure 5.2. Schematic illustration of (a) the band energy of MPA- and OA-capped PbS QDs, (b)
schematic energy diagram of PbS QDs/TiO2/Au/TiO; system.

The comparison of IPCE values of the TiO; substrates before and after being sensitized with
MPA-capped PbS QDs is presented in Figure 5.3. Before the sensitization (the data in the bottom of
Figure 5.3), the enhanced IPCE owing to Au nanoparticles was apparently observed at a wavelength
range between 500 and 700 nm, when the IPCE spectrum using the TiO; substrate in the absence of
Au nanoparticles (Figure 5.3a) was compared with the IPCE spectrum using Au/TiO- (Figure 5.3b)
as well as TiO2/Au/TiO; (Figure 5.3c). After the sensitization of MPA-capped PbS QDs (the data in
the bottom of Figure 5.3), the enhanced IPCE was observed below 600 nm for TiO, substrate (Figure
5.3a), as well as an additional broad feature around 580 nm of the IPCE of Au/TiO, and
TiO2/Au/TiO, substrates, which suggests the contribution of the plasmonic resonance owing to the
enhanced electric field by coupling Au NPs with PbS QDs.*

A second TiO; thin layer played essential rule in enhancing the photo-electric conversion
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efficiency. First, in the case without PbS QDs sensitization (Figure 5.3, the data in the bottom), the
photocurrents generated by Au/TiO; (Figure 5.3b) in the wavelength range of 500-700 nm were
considered to be the electron injection from excited Au NPs injected into TiO,, as the donor of S*
in the electrolyte directly contacts with Au NPs and consequently transferred electrons from S?- to
Au NPs. When Au NPs were covered by TiOy, the photocurrents in the same wavelength range
(Figure 5.3c, data in the bottom) were diminished, suggesting sufficient suppression of the electron
injection from Au NPs. The result also indicates that the electron transfer from S donor to Au NPs
is prevented by this TiO, layer on Au NPs, which can act as an insulating layer for electrons with
corresponding electrochemical potential.

Second, in the case that PbS QDs sensitized the plasmonic substrates (Figure 5.3, the data in the
top), the enhancement of the TiO2/Au/TiO, substrate (Figure 5.3c) is significantly larger than that
of Au/TiO; substrate (Figure 5.3b). In addition to effective electron injection from PbS QDs to TiO»,
the space between PbS QDs and the Au surface by the 2" layer of TiO, contributes to the prevention
of the exciton quenching from PbS QDs to Au NPs via Forster resonance energy transfer4, The
present result proves the importance of the second TiO; thin layer deposited on Au/TiO- for higher
IPCE after being sensitized with PbS QDs in a plasmonic wavelength range as originally
demonstrated in the previous study.*® The induced enhanced electric field confined to the gap
between the coupled Au NPs and PbS QDs resonantly excites electrons from PbS QDs to inject into
TiO2, and therefore enhanced the IPCE spectrum. Those results demonstrate the validity of plasmon
enhancement on the quantized particles at a relatively wide wavelength region between visible and
near infrared.

Weak photocurrent generated by TiO, under visible light irradiation in the absence of PbS QDs
(Figure 5.3a) was considered to be coming from contact with donor of S in electrolyte. The surface
oxygen atoms in TiO, were thought to be substituted and doped by S? so that bandgap of TiO, was
modified and minimized resulting in photoelectric response under visible light.* 5 Although the
process was also enhanced by Au NPs owing to the electric field by LSPR (Figure 5.3c), the

contribution is minor compared with the enhancement of PbS QDs sensitized photocurrent.

80



(a) (b) (c)
0.06 v 0.06 0.06
PhSITIO,/AU/TIO,
0.05} 0.05} 0.05 | o*
L ] .Q *
*
G 004p F o004} 5 0044, . ~
= - ~ *
W 0,03 * & 0.03f ; 8 oo03f ¢, o ©
& . g PbSIAUITIO, g ‘oo
0.02f '._ PbSITiO, 0.02} 0.02| .
L] . .
0o01p ‘. . 0.01 Au/TiO, 0016 Tuogi\umoz .
DaTlO; e o R 00454606000%%%00, o .
0.0 Qoq & & & [ 0.00 " 1 L I L 0.00 n L " P o L
450 500 550 600 650 700 450 500 550 600 650 700 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm) Wavelength (nm)
S,z PN Snz_
PbS QD S 2 PbS QDs Sz'\h7| " Pb§ QDs Sz p
2., N X
b S SZh 200 0080 . (X 1] o006 ..
o000 o0 00dc oLl o Au - e Au
TiO, = TiO, TiO,
FTO FTO FTO
Glass Glass Glass
hv hv hv

Figure 5.3. Comparison of substrate-dependent IPCE results before and after sensitized by MPA-
capped PbS QDs (PbS particle density: 2.4 x 1012 cm2): (a) TiO2, (b) Au/TiOz and (c) TiO2/Au/TiO;
substrate. All experiments were measured with the same condition: potential: -0.1 V, electrolyte:
0.05 M Na S+0.1 M NaOH, irradiation wavelength range: 440~800 nm. Schematic illustration of

the substrates’ structures as well as electron-hole pairs’ pathways are respectively listed below.

5.3.3 Comparison of enhanced IPCE spectra using distinct sizes of PbS QDs

The characteristics of the plasmonic enhancement at visible wavelength region were compared
using distinct sizes of colloid PbS QDs capped with MPA or OA molecule (Figure 5.4). Significant
enhancement was observed for both kinds of PbS QDs sensitized TiO2/Au/TiO, structure in
plasmonic wavelength range between 500 and 700 nm in comparison with PbS QDs/TiO; substrate.
It has been suggested that the dipole-dipole interactions of the hetero-structures consisting of PbS
QDs combined Au NPs are available due to their metallic character of the respective system*®. Thus,
PbS QDs are capable of coupling with gold NPs and enhancing the nearby electric field, resulting
in increased IPCE.

Another worth noting characteristic of the enhancement on IPCE is the pronounced improvement
at shorter wavelength range below 500 nm generated by MPA-capped smaller PbS QDs sensitized
plasmonic substrate, in contrast with the unsatisfactory enhancement effect by OA-capped larger
PbS QDs. Such discovery has not been reported by any research group. The effect at a shorter

wavelength region could be considered in several ways. First is the contribution coming from the
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quantized effect: stronger quantum confinement by a smaller QD expands the band gap energy;,
leading to effective injection of the excited electrons with relatively negative potential compared to
the conduction band edge of TiO». Furthermore, the relatively strong inter-particle interaction of
PbS QDs and Au NPs also plays an important role in enhancement. Theoretical research via photon
Green’s function method on coupled QD-MNP systems has proven that the interaction is strong
when QD and MNP are in close proximity and their optical excitation frequencies are resonant with
each other®. In the present system, larger spectral overlap of MPA-capped PbS QDs, whose exciton
absorption peak is at 540 nm (Eg = 2.3 eV), with plasmon excitation of Au NPs at 500 — 700 nm
(ca.1.8 eV< E < 2.5 eV) results in more effective resonance than that of OA-capped ones peaked at
750 nm (Eq = 1.6 eV).

The lack of change in IPCE of the OA-capped system in the presence of Au NPs in this short
wavelength region suggests the absence of inter-particle interaction of the OA-capped PbS QDs
with larger diameters with a different band gap energy than that of LSPR. The band gap energy at
the near-infrared region (750 nm) can conduce to improved IPCE at the shorter wavelength region
below 500 nm, because of the contribution of MEG as often observed is PbS QDs in previously
documented results.>® Unfortunately, the enhancement is not apparent possibly due to the mismatch
of the LSPR energy of the present system with the excitation energy of OA-capped PbS QDs,
although the effect of MEG is also expected to be enhanced by LSPR.5” These characteristics of
smaller MPA-capped PbS QDs when combined with Au NPs gives birth to more effective

enhancement of IPCE in the visible wavelength region.
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Figure 5.4. IPCE comparison of (A) MPA- and (B) OA- capped PbS QDs sensitized TiO, and
TiO2/Au/TiO; substrates. Measured at -0.1 V in electolyte of 0.05 M NayS+0.1 M NaOH. PbS
particle densities are 7.2 x 10'? cm and 4.8 x 102 cm?, respectively for MPA- and OA-capped PbS
QDs.
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5.3.4 IPCE changes depending on the amount of PbS QDs loading

Further examinations were performed to evaluate the coupling effect by Au NPs with increasing
loaded amounts of the MPA- or OA-capped PbS QDs by measuring the enhanced IPCE of
TiO2/Au/TiO2 and TiO, substrates. The changes in IPCE depending on the amount of MPA- and
OA-capped PbS QDs are shown in Figure 5.5. As the quantity of MPA-capped QDs increased up to
a loading of 7.2 x 103 cm both on TiO2/Au/TiO, and TiO; substrates (Figure 5.5a, b), the IPCE
increased as a whole over the observed wavelength region. The IPCE increment of TiOx/Au/TiO;
in the LSPR wavelength region at 600 nm is larger than that of TiO2, which is comparable to the
shorter wavelength region below 500 nm. In the case of OA-capped PbS QDs (Figure 5c, d), IPCE
also increased as the loading increased. The increments, however, saturated at relatively small
amounts (2.4 x 101 cm-?) of the loading. The IPCE values of OA-capped PhS QDs on TiO2/Au/TiO;
(Figure 5.5c) are smaller than those in the absence of Au (Figure 5.5d) with relatively large loading

of more than 1.2 x 1013 cm™2,
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Figure 5.5. Comparison of IPCE changes depending on the loading amount of two kinds of PbS
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QDs: (a) MPA-capped PbS QDs/TiO2/Au/TiO; (solid scatter), (b) MPA-capped PbS QDs/TiO;
(hollow scatter), (c) OA-capped PbS QDs/TiO2/Au/TiO: (solid scatter), and (d) OA-capped PbS
QDs/TiO; (hollow scatter) measured at -0.1 V in electolyte of 0.05 M Na,S+0.1 M NaOH (black
circle: 0 cm?; red rhombus: 2.4 x 102 cm2; orange pantogon: 4.8 x 10'2 cm?; pink circle: 7.2 x 10*2
cm2 (only for MPA- capped PbS QDs); green upper triangle:1.2 x 10%3 cm2; cyan lower triangle:2.4
x 103 cm?; violet left triangle: 4.8 x 102 cm™; pink right triangle: 7.2 x 10% cm2 (only for MPA-
capped PbS QDs)).

For further quantitative comparison of the enhancements between MPA- and OA-capped systems,
the enhancement factor EF was introduced. In the present experiment, the loading amounts of PbS
QDs both on the substrates with and without Au are carefully controlled to be the same as shown in
Table 1 of the SI. Thus, all of the EF was calculated as the yielded IPCE ratio of PbS
QDs/TiO2/Au/TiO; substrate (with Au NPs) to PbS QDs/TiO; substrate (without Au NPs) at a

certain wavelength, as described below.
PCE
PCE

|
Enhancement Factor = hwlAd

A,W/0AU

Calculated EFs at visible light are presented in Figure 5.6. The EF was significant at the
wavelength range longer than 530 nm, at which Au NPs exhibit plasmon resonance. The smaller
PbS QDs generated a greater EF with a maximum of 48.5, while the maximum EF produced by
larger PbS QDs was 20. The smaller PbS QDs also performed very well in a short wavelength range
in contrast with the larger PbS QDs. The enhancements were outstanding owing to well spectrum
overlap between Au NPs and ultra-small colloid PbS QDs because of strong quantum confinement,
compared with the previous report*® with a maximum EF value of 6 by PbS QDs larger than 5 nm
synthesized via SILAR method.

The dependence of the loading on EF of respective PbS systems indicates that optimum amounts
of loading are essential to construct the plasmon-enhanced photocurrent generation electrodes that
should be tailored to the sizes and bandgap energies of PbS QDs. In the present system, significant
EFs were observed at 7.2 x 102 cm? and 4.8 x 102 cm of MPA- and OA-capped PbS QDs.
Considering the numbers of PbS moles of MPA- and OA-capped PbS QDs covering the flat substrate
with close-packing a single layer of 4.5 x 103 cm and 2.0 x 10'® cm?, roughly 20% coverage of

PbS QDs is appropriate to prepare the plasmon-enhanced photocurrent generation system.
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Figure 5.6. Comparison of enhancement factor changes depending on the loading amount of (a)
MPA- and (b) OA-capped PbS QDs measured at -0.1 V in electolyte of 0.05 M Na,S+0.1 M NaOH
(red: 2.4 x 102 cm?; orange: 4.8 x 1012 cm?; yellow: 7.2 x 10'2 cm (only for MPA- capped PbS
QDs); green:1.2 x 10% cm?; blue:2.4 x 10 cm?; violet: 4.8 x 10 cm™; pink: 7.2 x 10%3 cm2 (only
for MPA- capped PbS QDs)).

5.3.5 Wavelength-dependent enhanced IPCE

Since absorbance efficiency scales with the volume of a nanoparticle, larger PbS QDs more
effectively capture photons so that OA-capped PbS QDs yielded higher IPCE than MPA-capped
ones. To discuss the PbS quantity dependence on IPCE in more detail, the EF values at 650, 560
and 460 nm are plotted as the function of the number of moles of PbS loaded on the substrates, as
shown in Figure 5.7. The relation between the number of QD particles and the number of moles of

PbS is summarized in Tables 5.1 and 5.2 of SI.
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Figure 5.7. Comparison of MPA- and OA-capped PbS QDs loading amount dependent enhancement
factor at different wavelength light irradiation of (a) 650 nm, (b) 560 nm and (c) 460 nm.
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Under the illumination of 650 nm light (Figure 5.7a), the enhanced photocurrent is ascribed to
the resonance enhancement of the band gap excitation by the localized electric magnetic field in the
vicinity of metal nanoparticles. As reported previously, the apparent enhancement of IPCE depends
on the quantity of PbS QDs*. The EF is generally higher when the amount of loading is relatively
small. Saturation of IPCE increments was observed in the MPA-capped PbS QDs as well as OA-
capped systems. The EF of MPA-capped system is much larger than that of the OA-capped system,
and saturation is around 3.3 nmol/cm? of PbS (particle density of 4.8 x 10'® cm?). Although the
IPCE improvement of OA-capped PbS QDs on TiO2/Au/TiOz is not significant, the EF is apparently
large at a loading of less than 2.8 nmol/cm? (particle density of 1.2 x 10'® cm?). The different
saturation loading amount is considered to result from the size variation. This result suggests that
the effect of LSPR saturates at this amount of loading.

Under the illumination of 560 nm light (Figure 5.7b), it could be possible that both band gap
excitation and plasmonic enhanced electric fields are ways to generate photocurrent for the PbS
QDs. Maximum EF of close to 20 is obtained by small loading (0.5 nmol/cm?, particle density of
7.2 x 10%2 cm) of MPA-capped PbS QDs. At this wavelength, the EF of OA-capped PbS QDs is
relatively small and decrease to reach unity at a higher loading of greater than 2.8 nmol/cm? (particle
density of 1.2 x 10% cm2). Similar tendency of the loading of EF was also observed in both MPA-
and OA-capped systems at an irradiation of 460 nm (Figure 5.7c). Although the EF values of the
MPA-capped PbS system are smaller than those at 560 nm, the maximum at a loading of 0.5
nmol/cm? (particle density of 7.2 x 10'? cm?) is also confirmed. At a higher loading of more than
1.6 nmol/cm? (particle density of 2.4 x 10'* cm?), the unity of EF indicates no enhancement. The
value of the OA-capped system, however, decreases to less than unity at a higher loading.

In the present system, plasmon-enhanced photocurrent generation was apparently observed. The
interaction between PbS QDs and Au NP depends on their distance. The dependence of IPCE on the
amount of PbS QDs loading is a consequence of the interaction. It has been reported that the
electromagnetic field owing to surface plasmon resonance is strongly dependent on distance, which
localizes only in the vicinity of 10 nm around noble metal nanoparticles®. In this sense, within the
plasmonic wavelength range, the PbS QDs/TiO2/Au/TiO; system presents a tendency to be blurred

and similar to that of the substrates without gold NPs (Figure 5.5a and Figure 5.7a), suggesting the
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saturation of photo-electron conversion owing to the enhanced electric field by coupling PbS QDs
with gold NPs. As for OA-capped PbS QDs sensitized plasmonic substrate, a similar saturation
tendency was also observed although the plasmonic peak was not that apparent and the yielded
relatively small IPCE.

Such phenomena are elucidated by pondering the relation between the quantity of PbS QDs and
the enhancement of IPCE at the plasmon wavelength range of 500~700 nm. Within the domain that
QDs close-pack a monolayer on the substrate, the yielding IPCE is considered a linear function of
the mole number density of QDs because of the cumulative effect. The calculated mole number of
PbS in MPA- and OA-capped PbS QDs covering the substrate (sensitized area of 4 cm?) with a
monolayer are respectively 3.1 and 4.7 nmol/cm? (particle density of 4.5 x 10%3 and 2.0 x 103 cm™?,
respectively), according to the estimated average diameters. As the quantity of QDs exceeds a
monolayer, IPCE at that wavelength range displays a tendency to be saturated since farer QDs face
difficulties not only in electrons’ effective injection, but also in well coupling with gold NPs due to
the vicinity of LSPR (Figure 5.7). Because the coupling distance between OA-capped PbS QD and
Au NP is apparently the larger one, and the number of possible coupling hot-spots generated by
large QDs is consequently less than that of small QDs; consequently, the electric field cannot be
continuously enhanced (see the original IPCE of OA-capped ones in Figure S8).

The unique physical properties of PbS provides a clear insight for the PbS-Au coupling system.
PbS exhibit metallic properties owing to the relatively small effective masses of electron and hole,
and high refractive index compared to other semiconductors such as CdS. Although PbS QDs show
relatively weak plasmon resonance under visible light irradiation, their presence simply increases
the dielectric constant of the nano-environment surrounding Au NPs?; consequently, more induced
polarization charges will pile up around the Au NP under an external electromagnetic excitation by
incident light irradiation, which leads to stronger screening of the Coulombic restoring force,
therefore confining the localized hybridized NP plasmon to the gap between PbS QDs and Au NP.

At the wavelength region below 500 nm, it is generally expected that multiple exciton generation
and collection are accessible via such PbS QDs-Au NPs systems by well adjusting their tunable
sizes and Au structure on a nanoscale. In the present system, OA-capped larger PbS QDs may

generate multiple excitons because of lower threshold around 3 times of bandgap®®, leading to higher
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IPCE below 500 nm compared with that of MPA, as shown in Figure 5.4. The contribution of the
plasmon enhancement to the multiple exciton generation is not apparent or is rather negative,
especially at a higher loading. Less than unity of EF at amounts greater than more than 2.8 nmol/cm-
2 (particle density of 1.2 x 10** cm?) OA-capped PbS implies difficulty in the collection of multiple

excitons from stacked PbS QDs even when partially plasmon-enhanced.

5.3.6 Mechanism of enhancement

Effective enhancement both at the wavelength regions of 500 — 700 nm and below 500 hm was
clearly demonstrated in the MPA-capped PbS system. Such phenomena are elucidated by pondering
the naturally occurring dipole-dipole interactions when PbS QDs combined with Au NPs into
hetero-structures. First, simulated results*® have demonstrated that well-coupled metallic PbS QDs-
metal NP system can generate metallic resonance and produce an enhanced electric field confined
in the gap between them, because PbS has a small effective electron mass and behaves like metal;
the higher the diameter ratio of Au NP to PbS QD, the larger the enhancement of the electric field
confined between them owing to better scattering efficiency. The enhancement decreases with an
increasing distance between PbS QDs and Au NPs, resulting in a coupling advantage by the 2"
layer of smaller PbS (Figure 5.7). In this case, it is sensible to conclude that small PbS QDs
performed better coupled with Au NP. Thus, an apparent enhancement is available with the MPA-
capped smaller one, both within long as well as short wavelength visible regions, owing to the
metallic resonance. For the larger PbS QDs, significant enhancements were only observed within a
long wavelength range, which is close to the bandgap exciton wavelength, so the enhancement is
ascribed to bandgap resonance.

I utilized Finite-Difference Time-Domain method (FDTD) to simulate the electric field
distribution of the PbS QD-Au NP hetero-system by assuming the size of PbS QDs to be 1.6 and
2.4 nm with a distance separated from Au NP of 0.6 nm and 2.0 nm in vacuum, respectively. The
electric field generated by Au NP was confined within the gap between the Au NP and the near-by
PbS QD, because of the unique dielectric and metallic property of PbS.* The wavelength-dependent
electric field in the center line within the gap gives maximum value at 520-530 nm, which is

comparable to the extinction spectrum (see Figure 5.8). Stronger electric field at slightly shorter
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wavelength was generated by MPA-capped smaller PbS QD in comparison with the OA-capped
larger PbS QD system (see Figure 5.9). The results indicate that the metallic property of PbS QD
with smaller size at short gap distance has the advantage for the resonance at visible light region.
Stronger confinement of the quantized states in MPA-capped PbS QDs also contributes to
enhancement. The theoretical calculation demonstrates the availability of the remarkable
performance of MPA-capped PbS QDs by well coupling with Au NP.

Besides the coupling effect, quantum confinement and capping ligands also play a crucial role in
electron injection. In one respect, increased quantum confinement by smaller QDs expands the
energetic distance, resulting in a boosted electron injection driving force and consequently the
photocurrent. In another respect, here, it is logical to explain two different natural electronic
properties of QDs: one is the electron mobility of the capping ligands, and the other is the chemical
structure binding to TiO2 nanoparticles. For the former, researches have reported that electronic
mobility increases exponentially the ligand length decreases;° while for the latter, the covalent bond
between TiO and carboxyl of MPA is more conducive to electron transfer than the loose binding
between TiO; and alkyl of OA. It is therefore rational to explain that compared to long-chain OA,
short-chain MPA has the advantage of more effective electron transfer from excited PbS QD into
TiO, and, consequently performs better in photo electric conversion. In conclusion, besides the
unsatisfided coupling effect with Au NPs, the passivating and loosen ligand of OA molecules also
limit the possiblity of gaining higher enhancement factors in the short wavelength light region,
although within which many more electrons are expected to be excited because of the larger energy
difference from the bandgap. As the electron injection from PbS QDs is strongly related with their
luminescent decay rate which will be affected by the localized surface plasmon resonance in

consideration of the plasmon damping,| are projecting to characterize the luminescence properties
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of size- and ligand-controlled PbS QDs coupled with plasmonic nano-structure in the next stage.
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Figure 5.8. Results of FDTD simulation for Au-PbS hetero-system. Upper row: electric-field
distribution excluding the incident field; lower row: the corresponding spatial electric-field
distributions along the center line connecting Au and PbS (red dashed line). (a, c) System of Au
(D=20 nm) and MPA-capped PbS QD (d=1.6 nm) separated with 0.6 nm at the gap at the wavelength
of 531 nm; (b, d) system of Au (D=20 nm) and OA-capped PbS QD (d=2.4 nm) separated with 2.0
nm at the gap at the wavelength of 531 nm. Inset: schematic illustration of the system. The 0 point
along z-axis was set as the center between Au and PbS.
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Figure 5.9. Wavelength-dependent maximum value of the electric field between the gap along the
center line of the Au-PbS hetero-system. MPA-capped PbS QD (d=1.6 nm) was separated with 0.6
nm at the gap from Au (D=20 nm); and OA-capped PbS QD (d=2.4 nm) was separated with 2.0 nm
at the gap at the from Au (D=20 nm).
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5.4 Conclusion

The MPA-capped small PbS QDs coupled with Au NPs was observed to significantly enhance
photo-current conversion efficiency compared with OA-capped large PbS QDs. The structure of a
plasmon active Au NPs-modified TiO; electrode was optimized by covering a very TiO; thin layer
prepared by the LPD method. Both strong quantum confinement and an enhanced electric field play
a crucial role in the increased IPCE. For the former, excited electrons in small PbS QDs are more
liable to be injected into the CB of TiO2 because of the enlarged band gap; for the latter, small PbS
QDs interact intensely with plasmonic Au NPs owing to the metallic properties of PbS with a high
dielectric constant so that coupling takes place and the electric field induced by surface plasmon
resonance is confined between the gap of Au NPs and PbS QDs, thus the enhanced near-field boosts
to the efficiency of electron injection. The enhancement of the electric field accounts for both the
distance between QDs and Au NP, as well as the average size of QDs. These results demonstrate the
validity of plasmon enhancement on quantized particles at a relatively wide wavelength region
between visible and near infrared. These findings pave a novel way to illuminate the mechanism of

interaction between semiconductor QDs and metal NPs in the aspect of photoelectrical conversion.
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Appendix

Ab5.1 Photo-electrochemical measurement

Filters: 440 = A = 800 nm

Xenstg: Lv:mp ] ’l ‘

Mono-
chromator

WE: PbS QDs/TiO,/Au/TiO, RE: Ag/AgCl CE: Pt coil

0.05 M Na,$ + 0.1M NaOH
(pH=13)

Figure A5.1. The photo-electrochemical measurement device.

Ab.2 Extinction of PbS QDs sensitized plasmonic substrate

Extinction of PbS QDs sensitized plasmonic substrate was measured layer by layer. Gold presented

plasmonic peak around wavelength of 570 nm, when covered with the 2™ TiO, layer, red-shift

plasmon peak was observed because the dielectric constant of environment was increased by

titanium dioxide.

(a)
0.5
MPA-capped PbS QDs/TiO,/Au/TIO,
04}
0.3}
=
9
E 0.2 TiO,/Au/TiO
i = = I u/Ir
g2 Au/TiO, 2 z
w
0.1
0.0 Tio,
1 1 1 1 1 1
400 500 600 700 800 900

Wavelength (nm)

1000

(b)

Extinction

0.5
OA-capf;d PbS QDs/TiO,/Au/TiO,
04f
03}
TiO,/Au/TiO,
0.2
Au/TiO,
0.1
0.0 TiO,
1 1 1 1 1 1
400 500 600 700 800 900 1000

Wavelength (nm)

Figure A5.2. Extinction spectrum of (a) MPA- and (b) OA-capped PbS QDs sensitized substrate
(PbS particle density: 1.2 x 1012 cm%; PbS mole number density: 0.82 and 2.77 nmol/cm2 for MPA-

and OA-capped PbS QDs, respectively).
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Ab.3 Potential-dependent on-off action response
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Figure A5.3. Potential-dependent (a) on-off action response of OA-capped PbS QDs/TiO; substrate,
and (b) photocurrent density. Potential range: -0.4 ~ +0.5 V with 0.1 V interval (vs. Ag/AgCI
sat.KCl), electrolyte: 0.05 M Na.S+0.1 M NaOH, irradiation wavelength range: 540~800 nm, light

intensity: 1.7 mW/cm?, PbS particle density: 6 x 10'° cm2, PbS mole number density: 1.38 pmol/cm
2

A5.4 Cyclic voltammetry graph
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Figure A5.4. Comparison of I-V characteristics of MPA-capped PbS QDs sensitized TiO2/Au/TiO;
substrate in the dark (dark dash line) and under visible light with a wavelength above 380 nm with
light intensity of 24.8 mW/cm? (red solid line) in aqueous electrolyte (0.05 M Na,S in 0.1M NaOH)
scanned at 50 mV/s in the anodic direction from -0.4 V to +0.5 V. PbS particle density: 7.2 x 102
/cm2; PbS mole number density: 0.49 nmol/cm2.
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Chapter 6

Enhanced Photoenergy Conversions using Size-Controlled PbS Quantum Dots

by Highly Localized Electronic Excitation

6.1 Introduction

Colloid quantum dots (QDs) sensitized photocurrent generation system has attracted much attention
for next photoenergy devices based on very unique the tunable electrical and optical properties
controlled by size-dependent quantum confinement. Lead sulfide (PbS) QDs, for example, are of
interest in solar applications owing to their small bandgap of 0.41 eV and large Bohr exciton radius of
18 nm, which together allow bandgap tuning over the full solar spectral range. Multiple exciton
generation (MEG)*® -related intrinsic properties of colloid PbS QDs with various sizes have been
intensely studied on dynamic aspect including inter- or intraband relaxation processes of biexciton
quantum vyield* 5 or fluorescence blinking,® ” Auger process® or Auger recombination,®*? phonon-
assisted intraband relaxations,'® * however, MEG-induced photoelectric conversion of PbS QDs has
been limitedly reported to date and the apparent enhancement was generated only within ultraviolet or
near-ultraviolet visible light range.’™® The benefit of the MEG excitation to produce relatively high
density carriers also has not clarified yet.

Plasmonic photovoltaic devices based on noble metal nanoparticles (NPs) is alternative approach
to advance the photoenergy conversion owing to highly localized surface plasmon resonance (LSPR).
The localized near-field generated by Au NPs is able to be enhanced by well coupling with PbS QDs?6
and uplift the photoelectric conversion not only in near-infrared but in short visible light range.!” Also,
LSPR has been validated to modify the absorption of semiconductor nanostructures, such as breaking
forbidden transitions between discrete quantum levels in a CdSe nanorods!® and single-walled carbon
nanotube.'® As lead chalcogenides have distinct characteristics in symmetry breaking on the optical
transitions based on quantum confinement? or hot electron-hole pair induced transient Stark effect,?

it is rational to expect that the LSPR progress absorption of PbS QDs and consequently expand
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photoelectrical response in a wavelength range with energy exceeding the threshold of MEG based on
spatially localized high-dense excitation..

In this chapter, a novel system is created to reveal photo-electrochemical responses of size-
controlled PbS QDs by coupling LSPR generated by Au NPs with more than two times of bandgap
energy of QDs. Enhanced incident photon-current conversion efficiency at a wide wavelength region
from near ultraviolet to near infrared demonstrates the validity of plasmon enhancement on the

quantized particles with wide variety of sizes based on multiple exciton generation.
6.2 Experimental
6.2.1 Photo-Electrochemical Measurement

Incident photon to current efficiency (IPCE) spectra were measured using a three-electrode system.
Illumination from an Xenon lamp (USHIO Spax Inc.) was cut off for visible light by using 350 and
800 nm filters (SCH-50s-44Y and CLDF-50s, SIGMA KOKI Co., Ltd.), and then passed through a
grating monochromator (M10, Bunkoukeiki). A power meter (VEGA rohs, OPHIR PHOTONICS)
was used to measure the incident power through the monochromator for the photocurrent measurement.
Steady-state on-off photocurrent responses were monitored by shutter controller (SC10, THOR LABS)
and were recorded with a potentiostat (HSV-110, Hokuto Denko) connected between a counter
electrode of Pt coil and the working electrode in the electrolyte of 0.05 M Na,S+ 0.1 M NaOH aqueous
solution. Potentials were polarized from -0.5 to +0.5 V (against a Ag/AgCl (sat.KCI) reference

electrode).
6.2.2 Calculation for IPCE and EF

The incident photon-current conversion efficiency (IPCE) of the PbS QDs sensitized substrates as a
working electrode is calculated by the following formula, where I and ¢ are respectively the

photocurrent density and power intensity density at a wavelength of /.

1240-1

IPCE (%) ===~ x100
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The enhancement factor (EF) was introduced. In the present experiment, as the loading amounts of

PbS QDs both on the substrates with and without Au are carefully controlled to be the same, all of

IPCE
Enhancement Factor =
PCE

LW/AU

A,W/0Au

6.3 Results and discussion

6.3.1 Comparison of enhanced IPCE spectra using distinct sizes of PbS QDs

The characteristics of the plasmonic enhancement at the visible wavelength region were compared
using size-dependent colloid PbS QDs (Figure 6.1). Firstly, for TiO2 substrate, all these three different
size of QDs produce photocurrent response under visible light irradiation. Absorption of a photon with
high energy more than a semiconductor’s bandgap results in an electron and hole, each with excess
kinetic energy above their respective band edge. When this initial excited electron has sufficient energy
in excess of the bandgap energy, it is able to scatter with a valence band electron, boosting it across
the bandgap to the conduction band to form a second electron-hole pair while relaxing back toward its
conduction band edge (Figure 6.5b and c). This inverse Auger process is the so-called multiple exciton
generation (MEG).?2 The energy threshold for MEG is based on momentum and energy conservation,
but momentum conservation can be relaxed and yield lower threshold for relatively small QDs because
of strong quantum confinement (for example, 2.6 Eg4 for PbS-1220 while 2.4 Eg for PbS-1140%?). Here
we roughly use an empirical threshold of 2.6 times of the bandgap energy for PbS QDs,? giving 4.42
eV (281 nm), 2.86 eV (434 nm), and 2.34 eV (530 nm) for OP-728, OP-1101 and OP-1344,
respectively (marked in green areas, Figure 6.1). In this sense, the largest PbS QDs (OP-1344) with
the smallest bandgap benefit from a lower MEG threshold within the visible light region compared to
the middle-size QDs (OP-1101), and thus produce apparent photo-electrical response in this MEG
region; in contrast, for the smallest QDs (OP-728), the threshold is in the ultraviolet region and only
the strong quantum confinement improves the generation of photocurrent.

For PbS QDs-sensitized TiO2/Au/TiO; substrate, PbS QDs generated great enhancement than the

TiO, substrate in the localized surface plasmon resonance range of 1.8~2.5 eV (marked as yellow area).
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Our previous work!’ has confirmed that dielectric PbS QDs are capable of enhancing the nearby
electric field generated by Au NPs and consequently improving photoelectrical response across a wide
visible light range. Enhancement factor (EF) was calculated as the IPCE ratio of the substrate with
gold to the substrate without gold at a certain wavelength. Large EF was obtained in the LSPR region
and size-dependent enhancement was observed. For example, at wavelength of 520 nm, EF is 3.1, 8.4
and 9.4 for OP-728, OP-1101 and OP-1344 respectively. Such difference is considered coming from
size-dependent coupling between PbS QDs and LSPR. PbS QDs confine and enhance the near-field
generated by LSPR in the gap between Au NPs (orange areas, Figure 6.5); and the larger the size, the
greater the enhancement because of higher scattering efficiency.'® Also, the near-field of a plasmonic
Au NP can break forbidden transitions selection rules of semiconductor nanostructure and thus
enhances absorption.'® As LSPR enjoys a better overlap with 2E4 of OP-1344 and OP-1101 rather than
OP-728, reasonably, modification in absorption by the enhanced near-filed is also expected especially
for OP-1344 sensitized system (wide green arrows, Figure 6.5f).

Moreover, the overlap between MEG and LSPR region also benefits the large PbS QDs (OP-1344)
of a higher enhancement. Efficient electron transfer must be appreciably faster than both the electronic
relaxation time between the first two excited states (1Pe-1Se) in PbS quantum dots as well as biexciton
lifetime of Auger recombination in order to outpace the cooling process. Lifetime of electron transfer
from excited PbS QDs into TiO2 NPs has been estimated to be ~6 fs,2* tremendously more rapid than
1.75 ps'3 for the intraband relaxation and 65 ps' for the Auger recombination of PbS QDs with a
similar size as OP-1344, indicating multiple exciton can be collected on a faster time scale than exciton
annihilation. Notably, when PbS QDs approach to Au NPs and give rise to enhanced near-field, all the
dynamics processes will reasonably be modified, resulting in boosted electron injection®® (widen
orange, light orange and red arrows in Figure 6.5d, e and f) and manipulated multiexciton emission.
As the exact determination of absorption in PbS QDs not only from irradiation light within a single
layer domain but also from excited LSPR is fairly a challenge, unfortunately, the corresponding

absorbed photon-to—current efficiency (APCE) was hardly evaluated in the present.

99



(a) Photon Energy (eV) (b) Photon Energy (&V) (c) Photon Energy (€V)

Gopl3282624 22 2 18 1.6 p23282624 22 2 18 1.6 23282624 22 2 18 1.6
’ PbS particle density: 3.3E+12 cmi® ’ MEG  FbS parlice densiy. 5.86-11 cmi? ’ MEG PbS pariicle density: 2.8E+11 cm®
o oP728 OP-1344
o.06f * 0.06 0.06| ©
= g L = ﬁ = .
£ 5 £ == d
g=2.3nm g=3.7nm . .
30. 04 os, Joeneete, . EF1TeV g 0.04 E;=1.1 eV g 004 . o
Lo B ‘e, L o “ ‘. .
. ® t..... o
0.02 e . 0.02 0.2 . %
0O ... DO .l.
O, e “n, b
DDO”Doonoo ....' OOUOOODOOQO 0 .....'..

0.00— + + + + LS OG Ao 0.00 MH———————F g g 0.00 — + + + ? 5 7 % 5
400 450 500 550 600 650 700 750 800 400 450 500 550 600 650 700 750 800 400 450 500 550 60O 650 700 750 800
Wawvelength (nm) Wavelength (nm) Wavelength (nm)

Figure 6.1. IPCE comparison of (a) OP-728, (b) OP-1101 and (c) OP-1344 PbS QDs sensitized TiO;
and TiO2/Au/TiO; substrates measured at -0.1 V in electolyte of 0.05 M Na;S+0.1 M NaOH. PbS
particle densities within a single layer domain are 3.3 x 10%2, 5.8 x 10 and 2.8 x 10! cm?, respectively.
The mole number density of PbS is around 0.5 nmol/ cm- for all.

Further examinations were performed to evaluate the coupling effect by Au NPs with increasing
loading amounts PbS QDs by measuring the enhanced IPCE of TiO2/Au/TiO2 and TiO; substrates
(Figure A6.1) and the resulted EF (Figure 6.2). As the quantity of PbS QDs increased up to a loading
of 1.1 x 10*3, 2.3 x 10*?2 and 1.1 x 10%* cm respectively for OP-728, OP-1101 and OP-1344 on both
TiO2/Au/TiO2 and TiO; substrates, the IPCE increased as a whole over the observed wavelength
region. The IPCE increment of TiO2/Au/TiO; in the LSPR wavelength region first kept increasing
then presented saturated (Figure A6.1); and the EF first increased then declined with a raising loading
amount (Figure 6.2), suggesting a low loading amount improve the coupling between PbS QDs with
Au NPs. The maximum of EF was obtained as 15, 59 and 47 for OP-728, OP-1101 and OP-1344 at
600 nm, respectively, with PbS QDs density of 3.3 x 10%2, 5.8 x 10! and 2.8 x 10* cm (the mole
number density of PbS is all around 0.5 nmol/ cm2). Considering the numbers of PbS moles covering
the flat substrate with close-packing a single layer of 9.3 x 103, 3.4 x 102 and 2.0 x 102 cm'?, roughly
20% coverage of PbS QDs is appropriate to prepare the plasmon-enhanced photocurrent generation
system. This best coverage is consistent to our previous report.’” The reason that a sparse QDs
distribution improve the enhancement was ascribed to distance-dependent plasmon coupling.?” As
increasing the loading amount, a monolayer distribution becomes difficult due to the roughness of the
surface (SEM images in Chapter 2) so that multilayer is sensibly inevitable, which means the piled up

PbS QDs cannot well couple with Au NP with a distance exceeding the LSPR effective spatial region.
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Figure 6.2. Comparison of loading amount dependent enhancement factor of PbS QDs at different
wavelength light irradiation of (a) 500 nm, (b) 550 nm and (c) 600 nm.

6.3.2 Wavelength-dependent output power density

In order to thoroughly compare the size-induced coupling effect, further assessments were executed
by measuring collected photocurrents under various polarized potentials. Figure 6.3 shows the
collected photocurrent densities of OP-728, OP-1101 and OP-1344 sensitized TiO, and plasmonic
substrates measured under polarized potential from -0.8 to 0.5 V (vs. Ag/AgCl) with light irradiation
of 550 nm . As potential polarized to positive direction, significant photocurrent density (J) increased
from zero then presented a saturated tendency, regardless of QDs’ size, irradiation wavelength or
whether coupling with Au NPs. The Fermi level controlled by polarized potential play an essential
role in charge separation and recombination of PbS QDs sensitized system. In the inverse potential
region more negative than the flat band position of TiO; (cal. Usg=—0.7 V in electrolyte with pH=13),
the recombination of excited electron-hole pairs is promoted (Figure 6.5, grey arrows), leading to the
inhibition of electron injection collected as photocurrent; on the contrary, as the Fermi level is
downshifted in the potential region more positive than Ugg, the Potential gradient in TiO; is enlarged
(Figure 6.5), benefiting the electron injection into TiO, and restricting the recombination. When the
competition between injection and recombination processes achieve a balance, basically unchanged
photocurrents are collected.

Compared to the other two PbS QDs, OP-1344 sensitized TiO, produced a relatively fast balance
within 0.2 V (potential interval between the saturated potential of -0.3 V and the onset potential of
photocurrent collection at -0.5 V) (Figure A6.3 and Table A6.1). One possible explanation is the

dynamic aspect, as has been mentioned above, that electron transfer is adequately fast than hot carriers
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cooling so that hot electrons created by excitation with light energy exceeding the bandgap are able to
be injected into TiO, from higher energy level (orange arrows, Figure 6.5) without relaxing into the
bottom of CB. Such effect is more noteworthy for OP-1344 because the relatively smaller Eq and
slower intraband cooling rate'? 2 as a result of the comparatively weaker Coulomb interaction induced
in larger size. Another conceivable account is the apprent dissimilarity for the promotion of MEG, for
example at the excitation wavelength of 450 nm (2.76 eV) with the energy critical for OP-1101 (2.45
Eg) but sufficient large for OP-1344 (2.99 Eg) to generate multiexcitons (Figure 6.5b and c), meaning
that it is OP-1344 rather than OP-1101 that prefer a surge of electron injection at excitation wavelength

below 550 nm (red narrows in Figure 6.5b and c).
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Figure 6.3. Comparison of J-V characteristics of (a, d) OP-728, (b, €) OP-1101 and (c, f) OP-1344 PbS

QDs sensitized TiO; (dashed line and hollow symbols) and TiO2/Au/TiO2 (solid line and solid symbols)
substrates scanned from negative to positive potential in electolyte of 0.05 M Na,S+0.1 M NaOH at

irradiation of 550 nm. PbS particle densities within a single layer domain are 1.7 x 102, 2.9 x 10! and

1.3 x 10 cm?, respectively. The mole number density of PbS is all around 0.25 nmol/ cm?.

Photocurrent density was normalized according to irradiating light intensity.

In the case of PbS QDs-Au NPs coupling system, enhanced photocurrent were collected within the
LSPR region (500 ~700 nm) for all the PbS QDs unrelated to the size diversity, validating that LSPR
undeniably modify election injection and enhance photocurrent collection of PbS QDs sensitized
photoelectrochemical cell. What is worthy to be noticed is that the balance between charge separation
and recombination was promoted to be attained by coupling OP-1344 with Au NPs, within 0.1 V
(potential interval between the saturated potential of -0.4 V and the onset potential of photocurrent
collection at -0.5 V). Such phenomenon indicates that LSPR assisted MEG manipulate the absorption

and efficiently improve photoelectric conversion response of the well-coupled system.
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Further comparison of size-dependent J-V characteristics was performed by evaluating the yielded
power density, which was calculated as simple area integral of photocurrent density across the whole
potential region from -0.8 to +0.5 V (Figure A6.4) based on J-V curve evaluation for a two-electrode
system. A typical comparison at excitation wavelength of 550 nm is presented in Figure 6.4a,
illustrating the apparent obtainment of output power density by OP-1344 coupled Au NPs system with
16.54 nW - cm™, larger than 12.76 and 13.78 nW - cm by OP-728 and OP-1101, respectively, as
summarized in Table 6.1. The relationship between output power density and excitation wavelength
presented in Figure 6.4b demonstrates distinct enhancement by OP-1344 in the plasmonic wavelength
range. Enhancement factor (EFpower) presents the calculated output power density ratio across the

whole potential range, giving increment as excitation in the high wavelength region owing to the LSPR.
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Figure 6.4. (a) J-V characteristics of size-dependent PbS QDs-sensitized plasmonic electrode

irradiated by visible light with wavelength of 550 nm. Grey area presents the enhanced output power
density by OP-1344. (b) Wavelength-dependent output power density (W) of size-controlled PbS QDs-
sensitized TiO2/Au/TiO; electrode.
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(d)

Table.6.1. Calculated power density of size-dependent PbS QDs-sensitized
electrodes irradiated by various wavelengths

hex Power density (JV in nW + cm™) EFpower
PRSQDS | () Tio, Ti0JAUTIO?
450 10.15 9.91 1
500 7.41 9.12 1.2
OP-728 550 6.60 12.76 1.9
600 3.64 12.09 3.3
650 191 7.91 4.1
450 8.51 17.68 2.1
500 4,17 12.53 3.0
OP-1101 550 1.76 13.78 7.8
600 0.589 12.52 21.3
650 0.235 8.26 35.1
450 15.96 13.37 0.8
500 7.68 11.15 15
OP-1344 550 3.19 16.54 5.2
600 1.03 14.88 14.4
650 0.38 8.87 23.3

Power density was simply calculated by the area integral of photocurrent
density at each potential (see Figure A6.4 in Appendix). EFpower presents
the calculated power density ratio across the whole potential region from

-0.8to +0.5 V.
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Figure 6.5. Schematic illustration of size-dependent PbS QDs sensitized bare TiO, under excitation of
450 nm (a, b and c) and TiO2/Au/TiO, under LSPR excitation of 520 nm (d, e and f). Excitation by
blue (450 nm, 2.76 eV, blue solid arrows) or green (520 nm, 2.38 eV, green solid arrows) visible light
generated hot electrons (filled orange circles) and holes (empty orange circles) at higher energy levels
(grey lines) than conduction band (labeled C) or valence band (labeled V). Cooled electrons (filled
light orange circles) or holes relaxed to CB or VB via intraband relaxation (dashed lines) and a fraction
undergo MEG (b, OP-1101 at 450 nm; ¢ and f, OP-1344 at 450 and 520 nm; black arrows) to create
biexciton (filled pink circles). Hot electron injection into TiO, from higher energy level without
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intraband relaxation (orange arrows), cooled electron injection from conduction band (light orange
arrows), bi-electron injection via MEG from conduction band (red arrows) and electron-hole pair
recombination (grey thick arrow and grey dotted arrows). The existence of Au NPs (d, e and f, yellow
areas) generate near-field by LSPR under excitation of 520 nm. PbS QDs confine and enhance the
near-field in the gap between Au NPs (orange areas); the larger the size, the greater the enhancement
because of higher scattering efficiency. The enhanced near-filed manipulate QDs’ absorption (wide
green arrows) and facilitate electron injection (widen orange, light orange and red arrows).

6.4 Conclusions

In summary, size-controlled PbS QDs with bandgap energy from infrared to visible light were utilized
to sensitize plasmonic photoelectrochemical cell. Enhanced photoelectrical conversion efficiency was
observed by coupling PbS QDs with Au NPs. Relatively large size of PbS QDs-sensitized plasmonic
electrode produced higher enhancement across a wide wavelength range and produced a larger output
power density based on J-V characteristics, which is ascribed to both the modified absorption by the
enhanced electromagnetic field generated by the LSPR. The shift of the onset potential of the
photocurrent can be induced by enhanced high-density carrier injection owing to multiple exciton
generation in the LSPR wavelength region. It is predicted therefore that the current functional QDs-
based plasmonic photoelectrochemical cell will be the subject of future investigations on effective

energy conversion materials involving multiple exciton generation.
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Appendix

A6.1 IPCE and EF changes depending on the amount of PbS QDs loading
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Figure A6.1. Comparison of IPCE changes depending on the loading amount of (a) OP-728, (b) OP-
1101 and (c) OP-1344 sensitized TiO2 (hollow scatter) and TiO2/Au/TiO; (solid scatter) measured at -
0.1V in electolyte of 0.05 M Na,S+0.1 M NaOH.
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Figure A6.2. Comparison of enhancement factor changes depending on the loading amount of (a) OP-
728, (b) OP-1101 and (c) OP-1344 measured at -0.1 V in electolyte of 0.05 M Na,S+0.1 M NaOH.
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A6.2 Potential-dependent collected photocurrent density
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Table A6.1. Size-dependent onset, saturated potential and their difference
of PbS QDs-sensitizedTiOz and TiO/Au/TiO (V vs. Ag/AgCI)

TiO2 TiO2/Au/TiO2
PbS QDS Vonset Vsat Vit Vonset Vsat Vi
OP-728 -0.6 -0.1 0.5 -0.6 -0.2 0.4
OP-1101 -0.5 -0.2 0.3 -0.5 -0.2 0.3
OP-1344 -0.5 -0.3 0.2 -0.5 -0.4 0.1
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A6.3 Extinction spectra with increasing Loading amount
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Figure A6.5. Extinction spectra of OP-1101 sensitized (left column) TiO, and (right column)
TiO2/Au/TiO with increasing loading amount.
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Chapter 7

Improved Interaction via Formation of Strong Coupling between Size

and Shape-Controlled PbS Quantum Dots and Au Nanostructures

7.1 Introduction

Light-matter interactions can be split into two principal regimes, the weak-coupling and the strong
coupling regime. Strong coupling occurs when the emitter—photon interaction becomes larger than the
combined atomic dipole decay rate and the cavity field decay rate.!® Then a coherent periodic energy
exchange between the emitter and the photon in the form of Rabi oscillations replace the irreversible
spontaneous emission process of the emitter, resulting in spectroscopic anti-crossings between the
atom-like emitter and cavity-mode dispersion relations and is characterized by the vacuum Rabi
splitting.*

The strong interaction of quantum emitters with surface plasmon resonance is of fundamental
interest for understanding light matter interactions. Plasmonic nanostructures hold the promise of
attaining the strong coupling regime as the resonance energy is able to be simply tuned by designing
the shape or size of noble metal structure.®> Recent experiments revealed strong coupling between
individual plasmonic structures and multiple organic molecules®'° or quantized semiconductor
nanostructure.’*16 A “bowtie” shaped antenna, where two metallic triangles facing tip-to tip are
separated by a small gap, produces a large electromagnetic field confined to the area near the gap as
“hot spots”, which enable to detect molecules by surface-enhanced Raman scattering (SERS),!’ to
evaluate enhanced fluorescence decay,'® and to reveal Fano resonance line shape in optical spectrum.*®

In this chapter, PbS QDs was drop-casted onto the surface of Au bowtie nanostructures which were
designed in diverse size and resonance energy by electron beam lithography, then the substrate was
measured by dark-field scattering spectrum and image mapping. Split scattering peaks with energy
difference up to 300 meV were observed for the coupling system, demonstrating the plasmon-QDs

interaction present strong coupled characteristics.
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7.2 Experimental

7.2.1 Electron Beam Lithography and Fabrication of Gold Bowties.

Prior to fabrication, ITO glass (thickness of 150+ 20 nm, sheet resistance = 15 Q/sq, surface roughness
Ra < 1 nm, Kuramoto Co., Ltd) were well cleaned sequentially with trichloroethylene in ultrasonic for
10 min, 50 °C of acetone water bath for 10 min, and ozone aching for 20 min. Then resist solution
(ZEON, ZEP520A:ZEPA = 2:1) was spin-coated on the well-washed ITO substrate at a speed of 4000
rpm for 60 sec, followed by baking at 150°C on a hotplate for 3 min. The coated glasses were loaded
into an electron beam lithography system (ELS-F125, Elionix Inc.) and was exposed to define the
shape of bowties with the beam current of 50 pA and the dose energy of 750 uC cm2. The design
consisted of matrices of bowties, with each matrix hosting 108 bowties. Each bowtie was separated
by 5 um from its neighboring partner to guarantee no interaction. The substrates were developed by
immersing into the solution of ZED-N50 for 60 sec and ZMD-B for 10 sec, respectively. The substrate
was deposited with a 30 nm adhesion layer of Au by utilizing helicon sputtering (MPS-4000C1/HC1,
ULVAC), followed by immersion in solution of ZDMAC and acetone under ultrasonic to remove
unnecessary metal layer. The morphology of the Au bowties was measured by a SEM (ERIONIX ELS-

F125) using a 125 kV electron beam with a magnification of 200,000x.

7.2.2 Sensitization of PbS QDs:

OP-682 (1% exciton peak of 682 nm) hexane diluted solution was drop-casted onto Au bowtie/ITO
substrate to cover 2 cm? square substrate. PbS particle number density was calculated to be 1.52E+13

cm-? approaching a single layer.
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7.2.3 Dark-field Microspectroscopy

Scattering spectra of every single bowtie with and without QDs were measured with an inverted
microscope (OLYMPUS 1X-71) equipped with a dark field condenser (U-UCD 8-2), a top lens
(NA=0.9, U-TLD), an objective lens (60x, NA=0.70, WD=0.1-1.3 mm, LUCPIlanFLN), a polarizer
(U-UCD 8-2) and a halogen lamp (IX-HLSH1000, OLY MPUS). A spectrograph with a grating of 150
g/mm, BLZ=800 (ISOPlane SCT-320, Princeton Instruments) and a CCD camera were used to
disperse scattered photons and register spectrum. Spectrum of each Au bowtie nanostructure was
recorded one by one under exposure of 10 s with a slit width of 5 um. Image of all the nanostructures
was captured under exposure of 1 s with a slit width of 50 pm.
Halogen lamp

eeessssssss———— Polarizer
_—
Dark field condenser lens
(NA=0.9)

gt s wmw OP-682/Au-bowtie
)

X60 objective lens
(NA=0.7)

l

— Slit

| Imaging spectroscopy |

Figure 7.1 Schematic of the scattering spectrum and imaging measurement

7.3 Results and discussion

Scattering spectrum and image of every single bowtie was measured by dark field microspectroscopy.
Figure 7.2 shows the image mapping of all the Au bowties as designed, showing increased scattering
intensity as the side length (L) of bowtie increased. Deposition a great amount of PbS QDs by drop

casting forms areas of varying thickness with stacks as the solvent evaporates, so that the random

112



stacks on the bowtie surface or near the structure hinder the observation.
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Figure 7.2. Scattering image of Au bowtie arrays with parallel polarization of the bowtie structure
under light exposure of 1s and slit of 50 pm.

a=10 nm

Monomer

The scattering spectrum of a typical Au bowtie (Figure 7.3, orange; #37 in Figure 7.2) demonstrates
the bowtie possesses a longitudinal bright mode at =~ 1.75 eV (orange dashed line in Figure 7.3a) owing
to dipolar coupling of the two parts of each bowtie.?® The exciton energy of PbS QDs (Figure 7.3, navy
dashed line) demonstrate that the optical transition of the QDs is in resonance with the plasmon
excitations of the bowties. Strong coupling between PbS QDs and the localized surface plasmon create
two separated scattering peaks (Figure 7.3, black) characterized as hybridized states of typical Rabi
splitting with the energy of 290 meV (Figure 7.3b). Scattering spectra of Au bowties with tuned gaps
were given in Figure S7.1, showing red-shifted longitudinal dipolar bright mode as the gap is decreased
owing to strengthened dipolar interaction.?! Strong coupling was also observed for bowties with
different gaps or side lengths (Figure A7.2). Apparent dependence on the Rabi splitting energy
observed in distinct bow tie structures reflect coupling strength determined by the cavity volume of
LSPR and the oscillator strength of the exciton of PbS QDs. Smaller gap distance provides smaller
cavity volume to interact with the PbS excitons, leading to the strong coupling state with higher Rabi
splitting. Changes in the number of PbS QDs could also contribute to the change in the coupling energy.

Further control of the deposition of PbS QDs or divergence between bowties even with the same
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designing parameters could lead to higher energy in the Rabi splitting.
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Figure 7.3. Strong coupling of plasmon and quantum emitters. (a) Scattering spectrum of Au bowtie
nanostructure with side length of 100 nm and gap of 10 nm (column 3 row 7 in Figure 7.2) before
(orange) and after the deposition of OP-682 (black) under parallel (solid line) and perpendicular
(dotted line) polarization with light exposure of 10 s and a slit of 5 um; fluorescence spectrum of OP-
682 on ITO glass (navy) PbS particle density: 2.4 x 10'2cm™. Inset is the SEM image of the bowtie
nanostructure with magnification of 200,000x. The dashed lines present the scattering maximum of
Au bowtie (orange) and the emission maximum of PbS QDs (nhavy), respectively. (b) Energy scheme
of strong coupling system of PbS QDs and Au bowtie, which form hybridized states with Rabi splitting
energy of 0.29 eV.

7.4 Conclusion

A system that PbS QDs coupled to Au bowtie nanostructures were fabricated by utilizing electron
beam lithography to form various size of Au nano-bowties. Size-dependence LSPR was confirmed by
dark-field scattering spectrum at room temperature. The plasmon-QDs interaction present strong
coupling when the LSPR approximate to the fluorescence maximum of PbS QD. Rabi splitting was
observed with energy difference close to 300 meV, demonstrating the novel system of PbS QDs
strongly coupled with plasmons. Extended photon absorption bands produce by the coupling will

provide novel routes for effective photoenergy conversions.
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Appendix
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Figure A7.1. Scattering spectra of Au bowtie structures (L= 100 nm, d=10 nm (red), L= 80 nm, d=10

nm (orange), and L= 80 nm, d=25 nm (blue)). Polarization angles of incident light to the long axis of

the dimers (solid lines) and the short axis of the dimers (dashed lines). Black inverted triangles show

LSP resonance energy when incident light was illuminated parallel to the dimer axis. Insets are SEM

image with magnification of 200,000x.

(a) (c)
1000 — 1000
Au bowtie | X T M -
£ : L oP-882/Au | £
3 | — " 2 900
Q 900 /100 nm ::‘ ; 8
= d=20 nm o - “\L OP-682/Au
'E v ¢ : : . \ ﬁ ik,
§ soo} AR g 800 3\
_E’ fibos=1828V | =174 g L,:=1‘7'?\E‘V
1 .-‘". P | \ K H ‘ ‘h“.
[ 2 P 7] : e
600 g ! Lol gl ! P = 600 boar o 1 L " 1 i =
450 500 550 600 650 700 750 800 850 900 450 500 550 600 650 700 750 800 850 900
) Wavelength (nm) Wavelength (nm)
(d)
Hybridized stat i
i 21} T s 2.1 Hybridized states
> £ OP-682 - N ., > opes2
% 1.8} § = o PRTYEmeV ". Epps ; 1.8} By . :' hq:}O?meV o5 £pps
5 — : :
1.5¢ w45}

Figure A7.3. Strong coupling of PbS QDs and Au bowties with parameters of (a) L=100, d=20 and (c)
L=100, d=20 and energy scheme of the corresponding Rabi splitting energy of (b) 305 and (d) 207
meV, respectively.
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Chapter 8

General Conclusion

In this thesis, 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. In Chapter 2, 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/TiO2 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/TiO, present the potential-dependent alternation of photoluminescence showing
inhomogeneous distribution.

In Chapter 3, highly arrayed Au nanodimer was fabricated by angle-resolved nanosphere
lithography (AR-NSL) as the detection matrix of surface-enhanced Raman spectroscopy. Size-
controlled OP-728, OP-750 and OP-1101 was respectively sensitized for the Au-NSL substrate and
the capping ligand of oleic acid (OA) with distinct vibrational spectrum was characterized owing to
the enhanced near-field by coupling PbS QDs with Au NPs. The binding mode between oxygen atom
of carboxylate head and Pb atoms was determined as bridging bidentate for all PbS QDs varied in size
according to Raman shift of the anti- and symmetric stretching of COO". Shifted LO phonon mode of
PbS QDs was observed because of relaxation of g=0 selection rule by phonon confinement. Potential-
dependent variations of vibrational modes were investigated and explained by considering the electron

transfer and static Coulomb interaction between OA molecule and Au surface. The FDTD simulation
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indicates electromagnetic mechanism plays significant role in the enhancement.

In Chapter 4, simultaneous electrochemical surface-enhanced Raman scattering and photoelectric
response measurement was utilized to reveal electron-hole pair separation of OP-1344/TiO2/Au/TiO;
electrode in electrolyte containing sulfide redox couple (S%*/Sx?"). Raman intensity of polysulfur
vibrations and photocurrent were observed at the positive polarization, because the variation in the
Fermi level controlled by potential altered the potential gradient in TiO2 and subsequently influences
the efficiency of electron-hole separation in PbS QDs. Effective hole scavenging from PbS QDs by
S? at the interfaces was successfully monitored by the present method.

In Chapter 5, the surface modification of long-chain molecules OA surrounding OP-750 was
exchanged into short-chain molecules of 3-mercaptopropionic acid (MPA), and the ligand exchange
process was found to reduce the core size of QDs via the absorption spectrum (MP-537). These two
different size of PbS QDs with designed loading amounts were respectively deposited on TiO, and
TiO2/AU/TiO, substrates, then their photoelectric response under visible light irradiation were
measured by three-electrode photo-electrochemical system. Significantly enhanced photocurrent
conversion efficiency was obtained by MP-537 rather than OP-750 both in the plasmonic wavelength
range as well as in near-UV range, owing to metallic resonance induced by strong quantum
confinement and the enhanced electric field.

In Chapter 6, OP-728, OP-1101 and OP-1344 was respectively sensitized for the TiO2/Au/TiO; solar
cell, enhanced photoelectrical conversion efficiency was observed across a wide wavelength range
and distinct output power was attained by the largest QDs (OP-1344) than the other two sizes of PbS
QDs, although OP-1344 present the weakest quantum confinement with almost equal conduction band
positions compared with TiO2. The remarkable shift of the onset potential of the photocurrent can be
induced by enhanced high-density carrier injection owing to multiple exciton generation in the LSPR
wavelength region.

In Chapter 7, a system that OP-682 coupled to Au nano-bowties, which were fabricated by electron
beam lithography, was constructed and measured by dark-field scattering spectrum. The QDs-plasmon
interaction behave strong coupling when the LSPR approximate to the fluorescence maximum of PbS

QDs, forming hybridized states characterized as Rabi splitting.
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This thesis demonstrates the validity of integrating PbS QDs and LSPR of Au nanostructures to
control the interaction between photons and electrons. The LSPR played a crucial role in enhancing
photoelectric conversion and output power by modifying the absorption and exciting MEG, and
therefore could provide insights in further developments of the charge separation processes to exceed

the Schottky-Queisser limit of semiconductor QDs,
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