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CHAPTER 1

INTRODUCTION

Despite technological advances and extensive research efforts, the bulk of the world’s
energy is still being provided by petroleum, natural gas, and coal. The production and
consumption of these fossil fuels is the leading source of CO, emissions, and mitigating
greenhouse gas emissions is urgently needed to prevent global temperature rises that will
become devastating to ecosystems, biodiversity, and society by 2100 if left unabated.[1]
Besides harmful environmental impact, fossil fuels are finite resources and their reserves
are steadily depleting as energy demands continue to rise, further driving the necessity to
find clean, renewable, and reliable resources. Sunlight is arguably the most abundant clean
source of energy with the highest theoretical potential; everyday, more energy from the sun
reaches the earth’s surface than is presently globally consumed in a year. Despite this po-
tential, terrestrially installed PV only supplied 1.3% of global power in 2016.[2] In order to
make solar conversion systems a competitive technology, it is essential to develop inexpen-
sive, cost effective, and environmentally benign photovoltaics that have high stability and
efficiency. Silicon-based photovoltaics, specifically crystalline silicon photovoltaics (c-Si
PVs), are currently the most commercially available, with terrestrial single junction cells
achieving power conversion efficiencies over 26%.[3] While significant improvements in
device performance and reductions in construction costs have been made over the last 40
years, c-Si PVs still require thick (160-240 um) layers of highly pure materials that are
doped with toxic heavy metals that making disposal and recycling of panels at the end of
their useful life (20-25 years)[4, 5, 6, 7] a challenging task.[8] Overall, the current costs
and reliability of silicon-based devices put it at a disadvantage to other forms of electri-
cal generation, so c-Si PVs are likely to remain a small slice of the energy matrix in their

current state.



Great effort has been made to find promising alternatives for silicon solar cells to drive
the widespread implementation of photovoltaic energy production forward. Over the last
10 years, third generation solar cells have attracted much attention due to their inexpensive
and non-toxic constituents, and scalable manufacturing potential as a result of low cost so-
lution processing. Here we will be focusing on two of these emerging technologies. The
first are dye-sensitized solar cells (DSSCs). In addition to being comprised of low cost and
widely available materials and offering the potential of roll to roll processing, DSSCs have
favorable differential kinetics that allow them to work even in low light conditions, and
possess a mechanical robustness that leads to higher efficiencies at higher temperatures in-
stead of degradation. They also offer a multitude of design options, including transparency,
color tunability, are lightweight, and can be deposited on flexible substrates, which makes
them ideal candidates for building integrated photovoltaics (such as windows with a stained
glass look, offering shade while generating electricity), and wearable and portable electron-
ics for both civilian and military applications. Their biggest downfalls and obstructions to
widespread commercialization are their use of a liquid electrolyte and the absorption lim-
itation of the photosensitive dyes they employ. While a lot of progress has been made in
finding solid state electrolytes,[9, 10, 11] the lack of photosensitive dyes with panchromatic
absorption has limited device efficiencies to ~12%.[3]

The second class of solar devices we will be studying are perovskite-sensitized solar
cells (PSCs) based on organolead halide perovskites. Perovskites combine the advantages
of high performance with inexpensive materials and low-cost scalable manufacturing po-
tential, however stability is an issue. The most commonly studied perovskite, methylam-
monium lead triiodide (MAPbI3) possess prominent broadband absorption in films less
than 1 pum thick and devices based on this material are steadily reaching power conversion
efficiencies competitive with c-Si PVs. However, stability is an issue with this material; the
tetragonal crystal structure of MAPDI; leads to rapid degradation in the presence of mois-

ture, and so would require expensive encapsulation for practical implementation. Br-based



perovskites, MAPbBr3, have displayed much improved stability due to their pseudo-cubic
crystal structure, but have been plagued by power conversion efficiency caps ~10% as a
result of the larger band gap that leads to poor light absorption beyond the 550 nm band
edge.[12, 13, 14]

While there are many approaches being investigated to combat the poor absorption in
these devices, in this dissertation we focus on the incorporation of plasmonic nanostructures
to improve the light harvesting efficiency in these emerging solar technologies. Plasmon-
ics provides the benefit of being a tunable, easy to incorporate, and universal method of
enhancement that has minimal impact on construction costs and does not require any ad-
ditional and complicated processing steps. The primary objective of this work was first to
improve the light harvesting ability in 3™ generation mesoscopic solar cells by incorporat-
ing plasmonic metal nanostructures. Secondly, we wanted to further probe the mechanisms
behind this plasmonic enhancement and ultimately further the development of superior

performing devices

* In chapter 3, we first investigated the synthesis of bimetallic nanostructures with the
intent of tuning superior optical properties for optimal plasmonic enhancements in
our solar devices. We utilized a seed mediated growth process to first synthesize
Au nanocubes and then coat them with a Ag outer layer to form Au/Ag core/shell
nanaostructures (Au/Ag NSs). We systematically studied the impact of synthesis
parameters on the morphological evolution, degree of polydispersity, and optical
properties of the particles. To further explore the potential of these Au/Ag NSs in
other applications, we tested their catalytic ability compared to commercially pur-
chased Ag nanospheres using a model reaction, the reduction of 4-nitrophenol to

4-aminophenol.

» Before incorporating these structures into to devices, we first studied the excited state
dynamics of Au/Ag NSs in aqueous solution using femtosecond transient absorption

spectroscopy (TAS), as detailed in Chapter 4. We compared excited state lifetimes



as a function of both Ag layer thickness, excitation fluence of the pump, and nanos-

tructure geometry.

After observing the mostly monometallic and spherical studies reported in the liter-
ature, we attempted to decouple the impact of nanostructure shape and composition,
by first looking at DSSCs enhanced with Au nanocubes in Chapter 5. Au nanocubes
were coated with a thin layer of silica (Au@SiO, NCs) and then embedded in the
TiO, mesoporous scaffold of the active layer. A range of concentrations were incor-
porated to find the optimum density of Au@SiO, NCs for maximum enhancements.
Plasmon-enhanced active layers and full devices were characterized for optical prop-

erty and performance comparison to reference, non-enhanced devices.

Composition effects on plasmonic enhancement potential were then investigated by
incorporating bimetallic silica-coated Au/Ag NSs into the TiO, mesoporous scaf-
fold of the active layer of DSSCs. Similarly, a range of concentrations were incor-
porated to find the optimum density of nanostructure for maximum enhancements,
and plasmon-enhanced active layers and full devices were characterized for optical
property and performance comparison. The impact of the presence of the plasmonic

particles on the carrier dynamics in the devices were probed using TAS.

Chapter 7 investigates the impact of Au/Ag NS on the device performance and car-
rier dynamics in MAPbBr3 mesoporous perovskite solar cells. In addition to TAS,
another complimentary spectral technique, time-resolved photoluminescence (trPL),
was utilized to help gain a mechanistic understanding of plasmon-enhancement pro-

CESSES.

Finally, in Chapter 8 we investigate another strategy currently being studied to obtain
high efficiency perovskites with high stability: the partial substitution of I" ions with
Br in the crystal lattice. The impact of Br content on the excited state dynamics was

systematically studied up to 30% substation of I with Br™ using transient absorption

4



spectroscopy, and we compare the impact on carrier thermalization, recombination,

and charge injection lifetimes.
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CHAPTER 2

BACKGROUND

2.1 Third Generation Mesoscopic Photovoltaics

2.1.1 Dye-Sensitized Solar Cells

A dye-sensitized solar cell (DSSC), also known as a Gritzel cell, is a type of pho-
toelectrochemical cell that stems from early biomimetic approaches aiming to simulate
photosynthesis.[1] Co-invented by Brian O’Regan and Michael Gritzel in 1988, certified
power conversion efficiencies for DSSCs have currently reached 11.9% since their first
publication in 1991.[2, 3] Unlike conventional photovoltaics (PVs) where light absorption
occurs in a low band gap semiconductor (E, of crystalline silicon is 1.1 €V), DSSCs employ
photosensitive dyes, such as a ruthenium-based or porphyrin dyes, that have large optical
absorptivity cross sections and can couple absorbed light into a wide bandgap, semicon-
ducting scaffold. In a typical DSSC architecture, these dye molecules are adsorbed in
monolayer on top of the mesoporous, semiconducting backbone that acts as an electron
accepting and transport layer. Anatase TiO,, which has a bandgap of 3.2 eV and absorp-
tion out to ~400 nm, is most often used in these devices because of its high stability even
in corrosive environments, low cost, wide availability, and is non-toxic.[4] Because of the
nanometer-size dimensions of the dye molecules, a conventional flat morphology does not
allow for enough dye adsorption for efficient light absorption; what makes these devices
possible is the mesoscopic nature of the TiO; scaffold. The scaffold, on the range of ~10
um thick is comprised of nanometer sized (2-50 nm) particles of the semiconductor which
creates a mesoporous morphology that has a network of very high contact area, allowing
for 1000x more dye adsorption than a flat morphology.[5, 6] The small size of the semicon-

ductor particles (generally ~20 for TiO,) also makes it unnecessary to electronically dope



them as they exhibit photoinduced conductivity and allows for electron collection without
significant Ohmic losses.[7] This dye-sensitized semiconducting active layer is deposited
on a transparent conductive oxide, such as fluorine-doped or indium-doped tin oxide (FTO
or ITO), with a glass support. An external circuit connects this anode to a noble metal
(usually platinum) counter electrode deposited on FTO or ITO. A liquid electrolyte layer
with a redox couple (such as I'/I37) lies between the counter electrode and the semiconduct-
ing active layer, completing the photoelectrochemical cell. Unlike a p-n junction found in
tradition silicon PVs, charge separation occurs at the interfaces of the dye, semiconductor,
and electrolyte. A schematic representation of a DSSC and its operation is shown in Figure

2.1.
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Figure 2.1: Schematic representation of components and electron transfer mechanism in a
dye-sensitized solar cell.

The working mechanism of a DSSC is described in the list of reactions below:[8] (1)
when light (Av) hits the photosensitive dye (D) absorbed on the surface of the TiO,, the
incident photon is absorbed by the dye complex, electrons (e-) are excited from the ground
state (HOMO) to the excited state (LUMO, D) and then are injected into the conduction
band of the TiO, (II), resulting in oxidation of the dye (D*). The oxidized dye molecules

are regenerated by an electron donor in the electrolyte (I. of the redox mediator), which is

\O



oxidized to the I3 state (III). Finally, the I3~ diffuses towards the Pt counter electrode where
itis reduced back to I' (IV) by e that traveled through the mesoporous TiO, scaffold to the

conductive oxide and then through the external circuit.

D adsorbed th storbed (I)
D :;dsorbed —D ;rdsorbed + ei;jected (I

. 31
Dadsorbed + EI - 513 + Dadsorbed (1)
13_(cath0de) +2e — 31(_cathode) (IV)
D storbed — Dadsorbed (V)

+ -~ +

Dadsorbed + e(TiOQ) — Dadsorbed (VD)
13_(an0de) + 28(_7’1'02) - 31(_anode) (VID

Reactions (V), (VI), and (VII) describe undesirable processes that can occur within in
the cell to negatively impact device performance, including relaxation of the excited e in
the dye molecules back to the ground state before it can inject into the conduction band
of the TiO; and unwanted recombination at the interfaces. A variety of factors can impact
the efficiency of these reactions, including the thickness of the mesoporous TiO; transport
layer, concentration of species, thickness and viscosity of the electrolyte, diffusion coeffi-
cients of the redox mediators, the intensity of the incoming photon flux, and the density of
charges flowing through the cell, as well as the alignment of the energy levels of the device

components.[8]

2.1.2 Perovskite Solar Cells

Perovskite-based solar cells (PSCs) are the newest generation of PV devices and have

already revolutionized the field; major developments are being made at an unprecedented
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rate, with efficiency values more than doubling from 9.7% for the first high efficiency all
solid-state PSC in 2012[9] to an NREL certified power conversion over 22% by 2017.[3,
10, 11, 12] The term perovskite, named in honor of Russian mineralogist Lev Perovksi,
refers to a class of materials which have the same type of crystal structure as calcium ti-
tanate, and are described by the general formula AMX3.[13, 14] This family of materials
has long been studied and shown a wealth of useful and exciting functional properties,
including superconducting, conducting, semiconducting, insulating, piezoelectric, thermo-
electric, ferroelectric, ferromagnetic, and more.[14, 15] However, it is only recently that
the organometal trihalide family of perovskites have been gaining attention as a promising
absorber for light harvesting applications due to their excellent optical and electronic prop-
erties; they possess unique combination of strong broadband light absorption in submicron-
thick films, efficient ambipolar charge transport, low exciton binding energies, and rapid
charge extraction rates .[16, 17, 18, 19] In this category of perovskites, A is an organic
monovalent cation (typically CH3;NH3*, C;HsNH3*, or HC(NH,),™), M is usually a diva-
lent metal ion (Pb?* is the most common; Sn>* has been investigated, but is less stable), and
X s a halide ion (I', CI', or Br"). A typical crystal structure for these perovskites is depicted
in Figure 2.2a, where the halogen atoms occupy the vertices of an octahedron and the diva-
lent metal atoms lie at the centers of the octahedra (MXg).[20, 21, 22] The cavity formed
by neighboring, corner-linked octahedra enclose the monovalent cation. The crystal lattice
can be engineered to be pseudocubic, tetragonal, orthorhombic, trigonal, or monoclinic
based on the identity and substitution of A*, M2t or X components and its impact on the
tilt and rotation of MXg polyhedra in the lattice.[23] Phase changes can also be caused by
external stimuli, such as temperature and pressure, but are usually reversible. Chemical
and structural variations allow for tuning of optoelectronic properties, including bandgap,
exciton binding energy, and charge carrier diffusion lengths of the perovskite material.[17]
To note, all inorganic perovskites for solar applications, such as where A is a cesium ion,

are also being investigated with some success, though will not be discussed in this work.
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Figure 2.2: (a) Methylammonium lead halide perovskites with cubic (left) and tetragonal
(right) crystal structures. Organometal halide perovskites have chemical formula of ABX3,
where organic or inorganic cations occupy position A (green), metal cations occupy B
(black), and halide ions occupy X (blue). The lead halide octahedral (maroon) forms a
corner linked network around methylammonium cations. (b) Schematic representation of
an organometal trihalide (MAPbBr3 shown) perovskite-sensitized solar cell, with a meso-
porous architecture featuring a TiO, scaffold and bilayer configuration. (c) An energy level
diagram depicting the basic working principle in a mesoporous perovskite sensitized solar
cell with an active TiO, scaffold that acts as an electron transport material. (d) UV-vis
absorption comparing the light harvesting capability of methylammonium lead triiodide vs
tribromide perovskites.
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Methylammonium lead tribromide (MAPbBr3) perovskite nanoparticles were the first
to be incorporated in a solar cell in 2006, and were used to replace the photosensitive dye
in a dye-sensitized solar cell.[24]. A PCE of 2.2% was achieved, which was increased to
3.8% in 2009 by replacing the Br halogen ions with I' (MAPDI3).[25] While the perovskite
nanoparticles exhibited better optical properties than standard dyes, displaying stronger
and broader absorption, they could not withstand the presence of the liquid electrolyte and
degraded quickly. This spurred the rapid finding of a of solid state hole transport mate-
rial to replace the liquid electrolyte.[26] Since 2009, perovskites have evolved past DSSCs
and into their own class of solar cell devices. In the process, they have overcome many
of the downfalls that have plagued DSSCs, including a more stable absorber that does
not photobleach under long periods of illumination, no corrosive liquid electrolyte that
could dry up or decompose over time, and faster charge extraction rates that enable much
higher open circuit voltages.[19] In this new generation of perovskite-based solar cells,
high performance devices have been successfully observed in a variety of cell architec-
tures, including mesoporous geometries, similar to that of their dye-sensitized predeces-
sors, on both active (TiO,) or passive scaffolds (such as Al;O3), and in thin film planar
geometries with both regular (n-i-p) and inverted (p-i-n) configurations.[27, 28, 29, 30]
This is largely made possible by the long carrier diffusion lengths (~1um for MAPbI3)
and ambipolar diffusion with balanced transport properties of electrons and holes and is an
exciting prospect for future optimization potential.[31] Planar geometries are more suitable
for tandem and flexible PVs[11, 30, 32, 33] and offer the benefit of low temperature fabri-
cation, however film morphology and surface coverage are critical to device performance
and are less tolerant to defects. Additionally, these devices generally exhibit a higher de-
gree of J-V hysteresis.[34, 27] Mesoporous architectures, which we have focused on in
this work, offer the benefit of more facile, uniform, and reproducible deposition as crystal
growth and morphology are largely controlled by the underlying scaffold,[35, 36, 37] and

usually demonstrate negligible amounts of hysteresis.[30] The highest certified efficiencies
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of perovskite-based solar cells have been achieved with this configuration,[38, 10, 39, 40]
the components of which and working principle are shown in Figure 2.2b and c. Similar
to the DSSC, the perovskite absorber (MAPDI3) is infiltrated throughout the mesoporous
matrix; in our studies we have implemented the active, electron-transporting TiO, scaffold.
Because absorption is so much stronger and broader in the perovskites than the standard
organic dyes of DSSCs, films on the range of ~500 nm or less are sufficient.[14,41] A com-
pact layer of rutile TiO, (~50 nm) lies between the mesoporous layer and the FTO glass
in order to block contact between the both the perovskite and the hole transport material
with the conductive oxide and prevent charge recombination at the interface. Mesoporous
PSCs can take on a bilayer configuration, depending on deposition parameters, with an
overlayer of perovskite crystals grown on top of the infiltrated scaffold. A hole transport
material (HTM, usually spiro-MeOTAD) is deposited on top of the perovskite-sensitized
TiO; layer. Finally, a thin metal film (<100 nm of gold or silver) is deposited on top of the
HTM layer as the back contact.

As depicted in the energy level diagram in Figure 2.2c, upon illumination with photons
with energy exceeding that of the band gap (1.5-1.6 eV for MAPbI3) are absorbed by the
perovskite, exciting an electron from the valence band to the conduction band, generating
excitons. Due to the combination of high dielectric constant and low effective masses
of the perovskite, which is considered to be a direct band gap semiconductor,[20, 9] the
electron hole pairs formed are generally Wannier-Mott type excitons,[29, 42] which are
characterized by low exciton binding energy (estimated in the range of 10-50 meV for
MAPbDI3),[43, 44, 10, 45] and thus have a high likelihood of dissociating into free carriers
even at room temperature, and the electrons and holes readily split and migrate toward their
respective electrodes. The direction of electron and hole transport is dictated by the band
and work function alignment of device components, controllable by selected electron- and
hole-transport contacts. The device components shown in Figure 2.2¢ are those utilized in

our studies, however Figure 2.3 illustrates some other commonly used charge extraction
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Figure 2.3: Band energy level diagram of organolead single halide perovskites and some
common charge-extraction layers. The work function of given materials is represented by
dotted lines.

layers.

Thus far, MAPDI; perovskites have remained the most widely studied for solar ap-
plications and devices with high efficiency. With a bandgap in the range of 1.5-1.6 eV,
they display strong and broad absorption throughout most of the visible spectrum, with
an absorption onset of ~770 nm (Figure 2.2d). However, MAPbI; perovskites possess a
tetragonal structure (Figure 2.1a, right) which is inherently unstable and contributes to their
rapid degradation in ambient conditions.[10, 46, 47, 48, 27] When exposed to moisture,
UV-light, and heat, MAPbI; reorganize from a black a-phase to a yellow 8-phase, due to
material decomposition,[49] which has poor photovoltaic performance[50, 51, 52, 53] and
also results in harmful byproducts such as HI and Pbl,.[54] Despite complex encapsulation
techniques,[55, 56, 28, 57, 58] and application of UV filters[59, 60] the stability of MAPbI3
is a major barrier to commercialization for utility-scale solar power. In contrast, MAPbBr3

perovskites acquire a more stab;e pseudocubic crystal structure due to the smaller ionic
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radius of Br™ (1.96 A vs 2.2 A for I'); the larger iodide atoms cause a 15 offset of the PbX¢
octahedra in perovskites, and this angle of offset is reduced to nearly O when I" is replaced
with Br™.[38] The smaller size of the Br ions reduces the lattice parameter of the perovskite,
which restricts the diffusion of water into methylammonium vacancies and provides air
and moisture stability, increasing its long term durability.[61, 62, 63] MAPbBr3, has also
piqued tremendous interest in PVs due to their high V. (~1.2-1.5 V) enabled by a large 2.2
eV bandgap, good charge transport facilitated by their long exciton diffusion length (>1.2
um), and long-term stability.[64, 65] However, poor light absorption beyond the ~550 nm

band edge (Figure 2.2d) has limited device efficiencies to <10%.[61, 66, 37, 67, 68, 69]

2.2 Theory of Plasmon Enhancement Mechanisms in Solar Devices
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Figure 2.4: Diagram of the collective oscillation of conduction band electrons that occur in
metal nanostructures resulting in plasmons upon irradiation.

2.2.1 Near Field Coupling

Incident light interacting with plasmonic nanostructures results in local enhancement
of electromagnetic fields, defined as near fields. This strong electromagnetic near field
generation close to the surface of the metal nanoparticle can be up to orders of magnitude

greater than that of the incident light.[71] The surrounding absorber molecules couple with
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Figure 2.5: Schematic illustration of plasmon enhancement mechanisms including (a) far-
field scattering, (b) near-field coupling, (c) hot-electron transfer, and (d) plasmon resonant
energy transfer. Reproduced with permission from ref.[70]. Copyright Royal Society of
Chemisty 2016.

the increased light intensity from these near fields, and so are exposed to an increased pho-
ton flux, resulting in greater generation of electron hole pairs,[72], and ultimately higher
current generation and PCE. The strongest near field coupling is achieved when the optical
absorption of the absorber overlaps with the LSPR of the nanostructure.[73, 74] Nanopar-
ticles can be tuned for desired optical properties and spectral overlay by altering their size,
geometry, and composition.[75]

Electromagnetic near fields at the plasmon resonance typically extend <50 nm from the
surface of the nanoparticle, decaying at a rate proportional to %, where r is the distance

from the nanostructure.[70] The composition and the geometry of the nanostructure largely
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Figure 2.6: (a) Real and (b) imaginary parts of the dielectric function for Au and Ag. Data
adapted from Ref. [81]. Reproduced with permission from Ref. [70]. Copyright Royal
Society of Chemisty 2016.

govern the properties of the near field generated by the plasmon resonance.[76, 77, 78]
Higher intensity near fields are generated by non-spherical particles with sharp features
(edges and corners) attributable to the lightning rod effect, which describes how charges
tend to accumulate in greater numbers at locations of greatest curvature.[79, 80] The elec-
tric field strength at these locations of greatest curvature is larger in magnitude, and will
generally decay slower and extend longer than electromagnetic fields generated by spheri-
cal particles.

Near field effects are also inherently stronger in Ag than in Au. Ag has stronger ra-
diative properties as a result of fewer Ohmic losses, which is illustrated by comparing the
complex dielectric function of the two metals (Figure 2.6).[70, 81] The complex dielectric
function describes the optical response of naturally occuring materials, and consists of both
the real part (€;), which reflects the polarization response and the imaginary part, &, which
reflects the optical losses due to interband and intraband (Drude) transitions. As shown in
Figure 2.6b, Au has high interband losses at shorter wavelengths and high Drude losses
in the near infrared. Ag has a smaller dielectric function than Au across all wavelengths,
indicating less optical losses, reflected by lower plasmon damping and higher absorption

and scattering efficiency.
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2.2.2  Far Field Scattering

When incident light hits a nanostructure with a sufciently high albedo (ratio of to-
tal scattered light to extinction), the resultant plasmon can decay radiatively into a pho-
ton. This photon can scatter off the surface of the nanoparticle, reaching distances up to
10 times the physical cross-section of the nanostructure; the exact distance it can reach
dependsoncompositionandgeometryofthenanostructure.[82, 83, 84, 85] Photons scattered
off a nanostructure can also be re-scattered multiple times if they encounter any proximal
nanostructures prior to absorption by the sensitizer.[86, 87, 88] These scattering events sig-
nificantly increase the optical path length of the active layer and ultimately increases the
total light trapped within the solar cells; light not initially absorbed by the active layer can
be absorbed and scattered off the nanostructures giving the sensitizer ample opportunity to
absorb it.[84]

The light scattering ability of a nanostructure is most strongly related to its size, as
described by Mie theory, a theory of absorption and scattering of plane electromagnetic
waves by uniform, isotropic particles of the simplest form (spherical) in a uniform, isotropic
dielectric medium. Mie theory is the simplest analytical solution of Maxwell’s equations
and can be used to describe the extinction behavior of a spherical metal nanoparticle when
excited with an incident electric eld, where the extinction cross section is the sum of the
scattering and absorption cross sections. The scattering cross section, Gy, iS given by:

¥ 4 6, Emetal — Emedium |2
Oscart = ?k a | | (D

Emetal — 2Emedium

where k = 21/ A, a is the radius of the spherical paricle, and &;,¢;,; and €;,¢4ium are the
permittivity for the metal and medium, respectively. The scattering cross section scales
with a®, and thus increases rapidly with increasing size. Figure 2.7 illustrates the percent
of scattered light compared to absorbed light for a spherical gold nanoparticle calculated

as a function of diameter; Au nanospheres with a>30 nm begin to have good light scat-
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Figure 2.7: Percent of light scattered and absorbed calculated as a function of Au
nanosphere diameter integrated from 300-800 nm. Reproduced with permission from Ref.
[70]. Copyright Royal Society of Chemisty 2016.

tering ability. In the 80-90 nm size regime, Au nanospheres predominately scatter light,
minimizing near field effects.

Beyond size, shape and composition can also influence the scattering properties. Anisotropic
shapes with sharp edges and corners have displayed enhanced polarizability; the higher a
particles polarizability, the higher the magnitude of the dipole moment (or LSPR) induced
by the incident electromagnetic field.[75, 89, 77, 78] In addition, as discussed in the pre-
vious section, Ag suffers from fewer Ohmic losses (Figure 2.6b), and so will have better

scattering efficiency compared to similar Au nanostructures.

2.2.3 Hot Electron Transfer

The third mechanism of plasmon enhancement is direct energy transfer from the plas-
mons of the metal to the semiconductor via highly energetic, "hot” electrons that are not
in thermal equilibrium with the surrounding material.[90] The generation of hot electrons
in Au or Ag nanostructures is driven by either intraband excitations within the conduction
band or interband excitations resulting from transitions between d bands and the conduction

band.[70, 91] When plasmons undergo nonradiative decay by energetic relaxation, they can
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gain enough energy to overcome the Schottky barrier at the junction of the metal and semi-
conductor and inject electrons directly into the conduction band of the semiconductor (see
Figure 3c), increasing the number of carriers and thus, photocurrent generation.[83, 92, 93]
This injection happens in the range of picoseconds; if the injection is too slow, the electrons
will recombine on the surface of the metal or will be released as a phonon and lost to heat
generation.[90]

Hot electron transfer depends on the alignment of the semiconductor’s band levels and
the Fermi level of the plasmonic metal, and will only occur if they are matching and there
is a clear path for electrons to travel between the two.[94, 95, 96] However, because the
only requirement is that the electronic energy levels match, one of the benefits of this en-
hancement mechanism is that spectral overlap between the metal nanostructures and the
semiconductor is not needed for energy transfer to occur, as the energy needed for hot
electron transfer can be smaller than the band gap of the semiconductor.[94] However, en-
gineering an environment where this enhancement mechanism is promoted is challenging.
In plasmon-enhanced mesoscopic solar cell systems, the plasmonic nanoparticles incorpo-
rated are usually first coated in an insulating interlayer, such as Si0O;, in order to protect the
integrity of the nanostructures during device processing. In order for hot electron transfer
to occur, this insulating interlayer must be thinner than the electron tunneling barrier of the

material; for Si0,, this is ~3 nm.[70]

2.2.4 Plasmon Resonant Energy Transfer

Another non-radiative enhancement mechanism is plasmon resonant energy transfer
(PRET). While not as well understood as an enhancement mechanism in solar devices
as the others discussed, it has been found to be analogous to the well known phenomenon,
Forster resonant energy transfer (FRET).[70] In FRET, the energy a light sensitive molecule
in an excited state can transfer to another light sensitive molecule non-radiatively through

dipole-dipole coupling. Typically, this only allows for downward energy transfer to a red-
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shift acceptor and prevents charge separation to a higher band gap material.[28] In a plas-
mon/semiconductor system, this would result in energy transfer from the semiconductor to
the plasmon. However, energy transfer in the opposite direction, energy upconversion, has
been shown possible via PRET, where the resonant energy from the LSPR of a metal nanos-
tructure can transfer to adjacent semiconductor via dipole-dipole coupling.[28, 94] As a re-
sult, electron hole pairs are generated below and near the semiconductor band edge.[94, 97]
The potential for this energy transfer is distant dependent, as well as dependent on their re-
spective dipole moments and dephasing time of the LSPR. While distant dependent, the
mechanism does not require direct contact and is not limited by Fermi level equilibration;
energy transfer can occur as long as there is spectral overlap with the LSPR and semi-
conductor, and the semiconductor is within the near field of the nanostructure. Because
direct contact is not required, the standard thin protective SiO, interlayers will not interfere
with PRET processes. However, because spectral overlap is required, Ag nanoparticles
have shown to induce much stronger PRET enhancements than Au, as there is significantly

more spectral overlap between Ag and TiO,.[97]

2.3 Spectroscopic Investigations of Carrier Dynamics

2.3.1 Time-Resolved Photoluminescence

Photoluminescence (PL) spectroscopy is a noncontact, nondestructive spectroscopy
technique used to probe electronic structures of materials. A simplified illustration of pho-
toluminescence in a direct band gap semiconductor is shown in Figure 2.8. Typically, a
light source hits the sample with photons with energy exceeding that of the band gap. The
incoming photons are absorbed by the semiconductor, raising electrons and holes with fi-
nite momenta, k, into the conduction and valence bands, respectively. Post excitation, there
is energy and momentum relaxation of the charge carriers towards the band gap minimum;

these relaxation processes are faster than radiative emission, so electrons will collect at the
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bottom of the conduction band. Finally, photons are emitted when electrons at the bottom
of the conduction band recombine with holes at the top of the valence band. When a sample
absorbs photons at one energy and then emits them at another, the spectrum emitted can be
dispersed and detected with a device (such as a CCD), and we can then acquire informa-
tion about the sample, as the set of wavelengths can be corresponded to transition energies
of the sample. Looking at these measurements as a function of time (time-resolved PL,
trPL) provides us with a means to measure the transition energy and their lifetimes. The
fundamental limitation of PL analysis, however, is its reliance on radiative events; PL is
a very sensitive probe of radiative levels, but one must rely on indirect evidence or other

spectroscopic techniques to states taht couple weakly with light or non-emissive dark states.

Conduction Ban

Excitation

k Valence Band

Figure 2.8: Schematic illustration of PL in a direct band gap semiconductor.

Time-resolved photoluminescence has been extensively used to examine the timescales
of radiative decay of excited species in photoactive materials and has been a cornerstone to

providing insight into carrier transport in perovskite solar cells.[63, 98, 99, 100, 101, 102,
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103] A picosecond light pulse initiates electronic excitation and generates electron hole
pairs, which are generally free carriers in perovskites due to their relatively low exciton
binding energy. Carriers either recombine radiatively emitting a photon or non-radiatively
by Auger processes, where the energy released from an electron recombining with a hole
is instead transferred to another carrier, exciting it to a higher energy level without moving
it to another energy band. The additional energy of this carrier can normally be expelled
through a series of collisions with the llattice, thermalizing back to the band edge. In
pristine perovskite films or when paired with passive scaffolds (such as Al,O3), longer ra-
diative decay indicates slow recombination and long carrier diffusion lengths desirable for
high performance devices. Perovskites paired with an electron- or hole-selective material

often show shorter lifetimes suggesting improved charge injection.[104, 105, 106]

2.3.2 Femtosecond Transient Absorption Spectroscopy

Transient absorption spectroscopy (TAS) is a complementary spectroscopic technique
to trPL spectroscopy, but offers the advantage of probing non-emissive and dark states,
which play a critical role in PSCs. It is a pump probe technique where an ultrafast fem-
tosecond pump pulse excites the sensitizer in the sample being investigated. A subsequent
probe pulse is used to closely measure the absorbance of the system after a very well de-
fined delay time (7) between the two pulses. A standard TAS testing system is illustrated in
Figure 2.9, where an input laser pulse is passed through a beam splitter and the two resul-
tant beams then travel separate paths before being spatially overlapped at the sample. The
pump probe travels down a path with a variable delay line to generate the controllable delay
between the pump and probe, and the probe beam is focused through a sapphire window to
generate a white light continuum so that samples can be monitored as a function of wave-
length from 450-900 nm. After reaching the sample, the probe beam is routed to a detector
(such as a CCD). The detector allows us to monitor the difference in absorption between

the ground state and excited states after excitation (AOD) as a function of both 7 and wave-
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length. In these measurements, three fundamental contribution features can be observed in
the spectra: ground state bleach (or photobleach, PB), stimulated emission (SE), and photo-
induced absorptions (PIA). PBs and SEs usually manifest as negative signals, while PIA is
positive. The PB occurs as the concentration of the ground state molecules decreases as the
incoming pump pulse transfers molecules to the excited state. The corresponding negative
signal will persist until all excited molecules return to the ground state. SE occurs when the
probe pulse encounters some molecules in the excited state, and photons from the probe
pulse stimulate emission from the sample molecules. PIA happens when molecules in the
excited state absorb another photon and go to a higher excited state. Monitoring the nature,
region, formation, and recovery of these signals can give us insight into the nature and life-
time of these excited states and the properties of the material. However, interpretation of
spectral and kinetic information can be quite complex, as process that occur during decay,
such as the excited molecules interacting with their surrounding matrix, will influence the
difference absorption spectrum. Decoupling these processes is not always straightforward,

especially if the signals from these processes overlap in the same region.

BS

Amplified Sapphire
Ti:S
Laser
—
BS
Chopper

Figure 2.9: Schematic representation of an experimental ultrafast transient absorption set-
up with a Ti:sapphire laser source and a CCD detector. For reference, BS: beam splitter;
IF: interference filter.

For organometal trihalide perovskites, the pump pulse excites electrons from the va-

lence band to the conduction band. The excited electrons thermalize to a nonequilib-
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rium distribution in the conduction band, which is bound by a characteristic parabolic
band shape. The carriers then cool within a few picoseconds via electron-phonon cou-
pling to a stable energy distribution, which follows the parabolic band shape that is cen-
tered slightly above the absorption band edge. The optical transitions of the incoming
white light probe are then either blocked or enhanced. Further excitation of carriers into
the conduction band is blocked by the equilibrium distribution of filled electronic states;
these blocked transitions manifest as a negative photobleach signal (PB) in the TA spec-
tra, which corresponds to the bandgap energies with reference to the valence band.[107]
Enhanced transitions (PIA) manifest as positive signals in the TA spectra. PIA bands have
been correlated to both conduction band saturation which increases photoexcitation at off-
peak wavelengths, and refractive index changes from the free carrier population as dielec-
tric function of organometal trihalide perovskites will vary as a result of the photoexcited
states.[108, 109] Decay of photoexcited states is studied by monitoring the recovery of PB
and PIA in TA spectra where carriers can relax either via trap-assisted recombination at
grain boundaries or via Auger recombination processes. Auger recombination typically
dominates at high pump uences; increasing pump uence results in a higher initial density
of excited carriers, and the greater proximity of charge carriers increases the liklihood of
their ability to exchange energy.[109, 110, 111, 13] For both dye- and perovskite-sensitized
systems, if the light harvesting sensitizer is paired with an electron transport layer, such as

TiO,, then electrons that do not recombine are injected into the electron-selective scaffold.
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CHAPTER 3

MORPHOLOGICAL MODULATION OF BIMETALLIC NANOSTRUCTURES
FOR ACCELERATED CATALYSIS

Adapted from H. F. Zarick, W. R. Erwin, J. Aufrecht, A. Coppola, B. R. Rogers, C. L.
Pint, and R. Bardhan, J. Mater. Chem. A, 2014, 2, 7088 with permission from The Royal

Society of Chemistry.

3.1 Summary

Bimetallic nanostructures are of significant technological interest due to their ability to
uniformly combine properties of two distinct metals giving rise to multimodal characteris-
tics with promising potential for in plasmonically enhanced PV systems. In this chapter,
we have synthesized Au/Ag core/shell bimetallic nanostructures and investigated the role
of temperature in controlling the morphological evolution. By increasing the reaction tem-
perature from 35 °C to 80 °C, the edge morphologies of Au/Ag nanostructure evolved from
rounded to sharp corners which directly impact the catalytic properties. The size of the
bimetallic nanostructures also increased when the temperature was raised due to faster Ag*
reduction along specific crystallographic planes, giving rise to red shifts in the plasmon res-
onance. The catalytic activity of Au/Ag nanostructures was compared to commercially pur-
chased Ag nanospheres for the reduction of 4-nitrophenol to 4-aminophenol with NaBH,.
The reaction rate for 4-nitrophenol reduction was significantly higher on Au/Ag-NSs rel-
ative to the Ag nanospheres, while the induction time was lowest on the Ag nanospheres.
These observations were attributed to the simultaneous effects of (i) surface area available
for catalytic reaction, (ii) crystallographic facets supporting the nanostructures, (iii) surface

ligands, and (iv) composition of the metal nanostructures.
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3.2 Introduction

Heterogeneous catalysis is pivotal to many chemical transformations. Shape and size
variable noble metal nanostructures have been extensively explored in catalysis, where the
morphology of the nanostructure dominates the catalytic pathways, stability, selectivity,
and reaction kinetics.[1, 2, 3] The surface structure of metal nanocatalysts is governed by
the crystallographic facets that direct the shape of the nanostructure and the energetics
of the catalytic reaction.[4, 5, 6] For example, Ag nanocubes bound by the {100} facets
have demonstrated higher catalytic activity and selectivity relative to spherical nanoparti-
cles bound by {111} facets for oxidation of styrene.[7] The catalytic reduction of aromatic
nitro compounds, such as 4-nitrophenol (4-NP) to the corresponding amino derivative, 4-
aminophenol (4-AP), using sodium borohydride (NaBH,) has been well-studied as a model
reaction as it selectively produces only one product.[2, 8, 9, 10] This pseudo first-order re-
action is known to be catalyzed only in the presence of metal nanocatalysts since the metal
surface relays electrons from the BH,™ ions to 4-nitrophenolate (4-NP") ions.[11] In this re-
action, BH4™ ions react with the metal nanocatalyst surface and transfer a hydrogen species
to the surface of the catalyst. Simultaneously 4-NP~ ions also adsorb on the nanocatalyst
surface where it is reduced to 4-AP by the surface hydrogen species. This is essentially
the rate-determining step. In the final step of the catalytic reaction 4-AP is detached from
the surface. This entire catalytic reaction is studied by monitoring the change in the ab-
sorbance of the 4-NP~ ions at 400 nm. The catalytic reduction of 4-NP is highly dependent
on the crystalline facets of the metal nanostructures, the ligands present on the surface, and
the composition of the metal nanocatalyst. Cubic-shaped metal nanostructures bound by
the [100] planes have been shown to rapidly catalyze 4-NP due to the high surface area of
nanocubes and high surface energy of {100} facets relative to other low-index facets {111}
and {110}.[12, 13] Surface ligands also play a key role in controlling the catalytic path-
way; long-chain bulky ligands pose a greater diffusion barrier for the availability of active

sites slowing the adsorption of BH4™ and 4-NP~ ions. This gives rise to a long induction
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time, ¢y, which is the time needed for the catalytic reaction to initiate.[1, 3, 10] Removal
of ligands may reduce #(, but it also results in surface restructuring, degradation, and poor
stability of the nanocatalysts.[1, 14, 15] Finally, the composition of the nanostructure also
strongly influences the rate of catalysis where bimetallic nanocatalysts, either in core-shell
or alloy form, have demonstrated higher catalytic rates and faster catalytic induction due
to the synergistic electronic effects mediated by a combination of two metals.[2, 8, 16, 17]
Additionally, for core-shell nanostructures, the lattice mismatch between the core and shell
material may induce strain at the interface; interfacial strain has been shown to enhance
catalytic rates in dual-metal systems.[18, 19] In this work, we discuss the synthesis and
accelerated catalysis with bimetallic Au/Ag nanostructures.

Bimetallic nanostructures form an important class of nanomaterials linked by their abil-
ity to manipulate light in unique ways.[20] Such dual-metal nanostructures may either be
arranged in a random alloy[21] or in a structured core/shell architecture where each con-
stituent metal contributes to distinct spectral characteristics. These core/shell nanostruc-
tures can be engineered to exhibit hybrid catalytic, optical, and electronic properties not
achievable in monometallic architectures.[1, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33,
34, 35] For example, Au/Pd nanostructures were constructed and the H; uptake trajecto-
ries were studied by observing the shifts in the plasmon resonance of the Au core while
the Pd shell adsorbed and released hydrogen.[36] Au/Pt core/shell nanoparticles enabled
enhanced electrocatalysis for oxygen reduction reaction.[37] Among bimetallic systems,
Au/Ag nanostructures have been extensively explored due to their enhanced optical charac-
teristics attributed to hybridized electronic and lattice effects.[29] Au/Ag nanostructures of-
fer several advantages including (i) multiple plasmon resonant peaks attributed to the pres-
ence of dual metals enabling multiplexed optical manipulation, (ii) enhanced electromag-
netic near-fields, and far field properties of absorption and scattering facilitating superior
light harvesting characteristics, (i) stronger radiative properties since Ag is less lossy rela-

tive to Au in the visible region of the spectrum, (iv) enhanced catalytic abilities due to syner-
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gistic electronic effects of the two metals, and (v) the ability to dynamically modulate prop-
erties by altering the Au/Ag core/shell ratio without modifying the overall dimensions.[23,
28, 35] The ability to controllably manipulate the plasmon resonances from the dipole up
makes this class of nanostructures beneficial for a range of applications from catalysis,[2]
to refractive index sensing,[33] to surface enhanced spectroscopies.[38] To successfully re-
alize these technological applications, bimetallic nanostructures are being synthesized with
increasingly complex geometries following a range of synthetic strategies including gal-
vanic replacement reactions,[39, 40, 41, 42] seed-mediated growth processes,[23, 35, 43]
simultaneous reduction of the metals,[25, 44, 45] and by thermal annealing processes.[34]

Here we have synthesized bimetallic Au/Ag nanostructures and studied the role of
temperature in directing the morphological evolution and growth along different crystal-
lographic planes. The effect of shape modulation of bimetallic nanostructures was inves-
tigated on the catalytic reduction of 4-NP to 4-AP with sodium borohydride NaBHy). By
increasing the reaction temperature from 35 °C to 80 °C, we observe three distinct effects:
(i) the edge morphologies of Au/Ag nanostructure evolve from rounded to sharp corners
which directly impacts the catalytic properties, (i) the size of the bimetallic nanostructures
increases due to rapid Ag* reduction along specific crystallographic planes giving rise to
red shifts in the plasmon resonance, and (iii) spontaneous nucleation at high temperatures
(80 °C) gives rise to a mixture of shapes and polydispersity. This suggests that a criti-
cal temperature exists where Au/Ag nanostructures should be synthesized to achieve the
desired induction time and reaction rate for catalytic reduction of 4-nitrophenol. The cat-
alytic reduction of 4-NP to 4-AP was significantly higher on Au/Ag-NSs relative to the
commercially purchased Ag nanospheres. This observation was attributed to effects of (i)
the available surface area, (ii) crystallographic facets, (iii) surface ligands, and (iv) metal

composition; these factors are all discussed in details.
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3.3 Results and Discussion

Bimetallic Au/Ag core/shell nanostructures were synthesized by a seed-mediated growth
process. The gold nanocrystal (Au-NC) core was synthesized by utilizing CTAB ligands as
a shape directing agent in aqueous media following a procedure previously described.[46,
47] The Au-NC reaction mixture consisted of both rounded corner nanocubes (~60%), and
truncated nanocubes (~40%) of 44+3 nm edge length as shown in the transmission elec-
tron microscopy (TEM) image in Figure 3.1a. Truncated nanocubes have been observed
previously in CTAB mediated Au-NC synthesis.[46, 48, 49] The Au-NC cores were then
transferred to CTAC surfactant solution and Ag growth was promoted in the presence of
Ag™" ions and ascorbic acid. The Ag growth resulted in bimetallic Au/Ag nanostructures
(Au/Ag-NSs) consisting of cubic and pyramidal shape (Figure 3.1b). The dimensions of the
Au/Ag-NSs are summarized in Table 3.1. It is evident that subtle changes in shape and cor-
responding crystal planes of the Au-NC core govern the final geometry of the Au/Ag-NSs.
To assess the role of crystal planes in controlling Au/Ag-NSs morphology, we performed
high-resolution TEM. The TEM images (Figure 3.1c-d) and corresponding FFT with their
measured d-spacing demonstrate that the Au nanocube cores have a measured d-spacing
corresponding to {100} crystal facets as observed in previous studies.[46] The truncated
nanocube cores have a measured d-spacing corresponding to {111} crystal facets along the
edges. Both shapes have rounded corners bound by the {110} facets. The high resolu-
tion TEM images of the Au/Ag nanocubes (Figure 3.1e) and Au/Ag nanopyramids (Figure
3.1f) indicate that Ag growth occurs along the [100] plane of the Au nanocube cores giv-
ing rise to the Au/Ag nanocubes, while for the truncated Au cores growth occurs along
the [111] crystal planes generating Au/Ag nanopyramids. The edge morphology of the
bimetallic cubes and pyramids, straight vs. rounded, is driven by temperature, which will
be discussed below.

The spectral characteristics of the Au/Ag nanostructures were measured to examine the

impact of the two shapes, nanocubes and nanopyramids, on the plasmon resonance. Two
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Figure 3.1: TEM images of (a) Au nanocubes, (b) Au/Ag core/shell bimetallic nanostruc-
tures. High magnification TEM image and corresponding FFT (inset) of (¢) Au nanocube
and d-spacing corresponding to {100} crystal plane, rounded corners correspond to {110}
planes, (d) Au truncated nanocube and d-spacing corresponding to {111} crystal plane,
and rounded corner correspond to {110}, (¢) Au/Ag nanocube, and (f) Au/Ag nanopyra-
mid. The scale bar is 10 nm in e-f. The FFT and d-spacing in (e-f) clearly indicate that the
Ag atoms grow along the same crystallographic planes as the Au core.
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Table 3.1: The size of bimetallic nanocubes and nanopyramids is provided as a function of
reaction temperature.

Temperature (°C) Size of Au/Ag Nanostructures (nm)
Nanocube | Nanopyramid | Nanopyramid
(base length) | (side length)
28 61 +4 84+5 66 +4
35 63+5 8816 73+5
55 65+3 93+4 80+4
65 67+3 98+4 86+4
80 70+3 106 £5 95+5
——Experiment
1.2 ——Theory: Cube
— ——Theory: Pyramid
> 1.0
L
c 0.84
o)
LE, 0.6
oy 04
0.2
0.0

| | | |
400 500 600 700 800
Wavelength (nm)

Figure 3.2: Experimental and theoretical extinction spectra of Au/Ag nanostructures. The
red line corresponds to experimental spectrum. The blue line corresponds to FDTD simu-
lated spectrum of bimetallic nanocube and black line corresponds to simulated spectrum of
bimetallic nanopyramid.
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prominent plasmon peaks are observed; one centered at 535 nm and another at 615 nm
(Figure 3.2). To understand the observed resonances, we performed finite difference time
domain (FDTD) simulations to assign the experimentally observed modes to the nanos-
tructures present (Figure 3.2). Calculations were performed on single particles in water
using a total-field scattered-field plane wave source. The details of the simulations are
provided in the supporting information. Calculated spectrum of bimetallic nanocubes (Fig-
ure 3.2, blue spectrum) show a dipolar mode at 534 nm, a quadrupolar resonance at 480
nm, and other higher order multipole modes associated with the nanocube corners.[35]
Bimetallic nanopyramids (Figure 3.2, black spectrum) have a dipolar resonance at 650
nm, a quadrupolar mode at 580 nm, a mode at 531 nm likely associated with the Au
core, and other higher order multipolar modes associated with the corners. The peak posi-
tions observed experimentally match well with the theoretical dipole resonance of Au/Ag
nanocubes, however, we note that the dipolar and quadrupolar resonance are overlapped
in experiments. This may be attributable to (i) variations in nanocube size in the reaction
mixture which gives rise to peak broadening and (ii) an offset of the Au core within the
Ag shell which gives rise to symmetry breaking in these plasmonic nanostructures (Figure
3.3). Structural irregularities arising during the synthesis process break the cubic sym-
metry of the system, such as an outer shell of non-uniform thickness or a nonconcentric
alignment of the core and shell. This promotes quadrupole modes to hybridize with dipolar
modes, thus strongly enhancing their intensity. In the case of the Au/Ag nanopyramids,
the experimental peaks are also blue-shifted relative to the calculated resonances. This is
again attributed to variation in sizes in the reaction mixture and symmetry breaking in the
pyramidal structures (Figure 3.3c), resulting in hybridized dipolar-quadrupolar modes.

To understand the growth process of the Ag shell around the Au core, high angle annular
dark field (HAADF) TEM images was obtained and elemental mapping showing Au and
Ag was performed at different time points of the reaction (Figure 3.4). Elemental mapping

in TEM demonstrated that at 35 °C, the Ag growth is initiated within 2 minutes into the
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Figure 3.3: TEM images of Au/Ag nanostructures showing symmetry breaking in the
nanocubes with an offset core (a, c) 35 °C Au/Ag-NSs, (b) 65 °C Au/Ag-NSs, and in
the nanopyramids with an offset core (c).
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2 minutes 5 minutes 15 minutes 30 minutes 60 minutes

Figure 3.4: (Top row) HAADF TEM images and (bottom row) corresponding elemental
map showing Au (red) and Ag (green) in STEM images demonstrating Ag growth on Au
core at different time points of the reaction. The reaction time point is indicated on the top.
The scale bar is 20 nm in all the panels.

reaction process and a uniform ~1 nm Ag layer is formed around the Au core. Contrary
to our expectation that nucleation of Ag atoms should start at the corners due to low steric
hindrance, analysis of the elemental maps at the 2 and 5 minutes time points revealed that
Ag shell growth occurred by a layer-by-layer assembly generating a smooth, uniform 10
nm shell within 60 minutes. The Au/Ag nanopyramids follow a similar trend of growth
process where Ag shell grows on the truncated Au cores via layer by layer growth (Figure
3.5). The relatively slow growth kinetics at 35 °C is due to both the insufficient thermal
energy resulting in slow nucleation of Ag" ions in solution, and also due to the presence
of {110} facets along the rounded corners and edges of the Au cores which has the lowest
energy and is the least reactive crystallographic facet.[50]

Since the [110] planes are least reactive and catalytically less active, we modulated
the reaction parameters to maximize the {100} and {111} facets and minimize the {110}
facets. Temperature induced changes in nanoparticle shape have been extensively stud-
ied in monometallic nanostructures, such as Au nanorods,[51, 52, 53, 54] but is poorly
understood in bimetallic systems. We varied the reaction temperature of Ag growth be-

tween 35-80 °C and the shape modulation in the bimetallic nanostructures was examined
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Figure 3.5: Elemental map showing Au and Ag in STEM images (left) and corresponding
HAADF TEM images (right) of multiple particles at (a,b) 30 mins and (c,d) 45 mins post
silver growth reaction.

by scanning electron microscopy (SEM). SEM images (Figure 3.6a-d) and size analysis
(Table 3.1) show three different effects of temperature. First, at low temperature, 35 °C,
Au/Ag nanocubes and Au/Ag nanopyramids show rounded corners. However, as the tem-
perature is increased to 55 °C and 65 °C the morphology changes to sharp corners and
edges. This clearly demonstrates that as more thermal energy is introduced into the sys-
tem, the growth along the [100] and [111] planes progresses more rapidly relative to the
less reactive [110] planes eliminating the rounded corners at higher temperatures (Figure
3.6e). Second, as the temperature is further increased to 80 °C, spontaneous nucleation oc-

curs resulting in polydispersity and formation of 5-fold twinned Au/Ag nanorods (Figure
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3.6d,e). In seed-mediated growth process, spontaneous nucleation occurs when metal salts
spontaneously reduce in homogenous solution without the surface catalysis of the seeds
present in solution.[55] At high temperature, growth dynamics increases and the reduc-
tion rate of Ag atoms is accelerated. This implies that the same amount of Au seed is not
sufficient and cannot provide enough deposition sites for Ag atoms at a high generation
rate.[55, 56] This gives rise to spontaneous nucleation where excess Ag is deposited on
cubic Au cores resulting in the formation of rods. To confirm this analysis, we monitored
the growth dynamics at different temperatures by examining the change in the extinction
spectrum of Au/Ag nanostructures.

The time-dependent growth of Au/Ag-NSs was monitored and the spectral peak inten-
sity of the dipole resonance of Au/Ag nanopyramids was evaluated at different time points
(Figure 3.6f-g). Representative growth curves obtained at 65 °C is shown in Figure 3.6f.
At low reaction temperatures (35 degree C) due to insufficient thermal energy, reaction
processes are slow and growth dynamics follow a sigmoidal growth curve which was fit to

a logistic function:
a

= e ki) 1

y

where a is the amplitude, k is the exponential growth constant, and 7. is the growth time at
half the amplitude. The logistic function fitted to the 35 °C growth dynamics is defined by
four distinct parameters:[57] the lag phase characterizes the slow rate of reduction of Ag*
ions [58] which is accompanied by a slow nucleation of Ag? atoms; this is followed by
exponential growth phase which is dominated by a diffusion mechanism where Ag atoms
rapidly diffuse in solution and locate deposition sites on the preferred Au crystal planes,
and subsequently develop a uniform Ag layer; as the diffusion process slows down and
most of the available Ag* ions have reduced and Ag atoms have already deposited, the
formation rate diminishes which is characterized by the diminishing growth phase; and
finally growth is completed and no change in the peak amplitude is observed which defines

the saturation phase. At reaction temperatures > 55 °C, burst nucleation followed by an
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Figure 3.6: (a-d) SEM images of Au/Ag nanostructures generated at different temperatures.
Scale bar is 100 nm in all images. (e) Left: Schematic representation of growth dynamics
of Au/Ag nanostructures at different temperatures. Right: Schematic showing the crystal
planes of Ag shell for nanocubes/nanopyramids with rounded corners generated at 35 °C
and with sharp corners generated at 65 °C and above. (f) Plasmon peak evolution of Au/Ag
nanostructures as a function of time synthesized at 65 °C. (g) Growth kinetics at various
temperatures. Growth at 35 °C was fit to a sigmoidal logistic function (eq. 1). The different
phases in a sigmoidal growth: lag phase (i), exponential phase (ii), diminishing growth
phase (iii), and final saturation phase (iv), are indicated. Growth at higher temperatures
were fit to an exponential growth function (eq. 2).
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Figure 3.7: (a) Temperature dependent shifts in plasmon resonance of Au/Ag nanostruc-
tures. The plasmon resonance of Au nanocubes is also shown. Shifts in peak position and
corresponding shift in nanostructure size as a function of temperature for (b) bimetallic
nanocubes and (c) bimetallic nanopyramids. The base length of the pyramids is shown.

exponential growth occurs until growth terminates, which characterizes the completion of

Ag shell on the Au core. The exponential growth curves were fit to a function given by:

y=a(l—e ™) ()

where a is the amplitude and k is the rate constant. It is evident growth rate accelerates
rapidly with increasing temperature. Due to the rapid exponential growth rate at 80 °C
(Figure 3.6g), spontaneous nucleation is expected which confirms the polydispersity ob-
served in the SEM image (Figure 3.6d).

Finally, raising the reaction temperature also results in an increase in the size of the
bimetallic nanostructures (Table 3.1) and a red-shift in the plasmon resonance. The in-
crease in the Au/Ag-NSs size is attributable to the faster reduction of Ag* salts at higher
temperatures. However, it is notable, the dimensions of Au/Ag nanocubes only incremen-

tally increases while the size of Au/Ag nanopyramids rapidly increases with temperature.
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This observed trend is due to two different phenomena: (i) The [100] crystalline plane of
Au has higher energy relative to [111] plane which gives rise to a slower Ag reduction and
growth along the {100} facets.[59] Therefore as the temperature increases, the size of the
nanopyramids bound by the [111] plane increases faster than the nanocubes bound by the
[100] planes. (ii) CTAB and CTAC are known to bind strongly to the {100} facet rela-
tive to other crystallographic planes of noble metals.[30, 46, 51] This consequently slows
down the growth process on the crystal planes where CTAC is more tightly bound, result-
ing in a small change in size of Au/Ag nanocubes relative to faster increase in size of the
nanopyramids.

The increase in size with increasing temperature is accompanied with a red-shift in
the plasmon resonance (Figure 3.7a). The shift to longer wavelengths is attributed to
phase-retardation effects which arise from the oscillations of the electron cloud around
the Au/Ag-NSs.[60, 61] The amplitude of the electron oscillation increases with increasing
particle size, which subsequently increases the period of each oscillation, defined as the
plasmon lifetime. This increase in plasmon lifetime is accompanied with a decrease in the
frequency of the waves, which red-shifts the plasmon wavelength. The increase in plas-
mon lifetime with increasing Au/Ag-NSs size also gives rise to broadening and damping
of plasmon resonances as observed in Figure 3.7. The increase in particle dimensions and
corresponding shifts in peak position of Au/Ag nanocubes (Figure 3.7b) and nanopyramids
(Figure 3.7¢) as a function of temperature are analogous supporting our above discussion
on temperature mediated size-controlled plasmon shifts. Note stronger peak shifts are ob-
served for bimetallic nanopyramids relative to the nanocubes which is directly associated
with the very small change in nanocube size with temperature (Table 3.1).

In addition to temperature, we also varied the overall morphology of the Au/Ag-NSs
by changing the geometry of the Au-NC core, as well as by increasing the concentration
of Ag™ salts. The dimensions of the Au-NC core were varied by mixing different amounts

of seed in the growth solution while keeping all other reaction parameters constant (Figure
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Figure 3.8: SEM images of Au nanocrystals of increasing sizes synthesized with different
amounts of precursor. (a) 20 uL precursor, (b) 10 uL precursor, and (¢) 5 uL precursor.
(d-f) SEM images of Au/Ag nanostructures synthesized with Au nanocrystals shown in (c),
(d) and (e). Corresponding TEM images are provided in inset. The scale bar is 200 nm in
all SEM images and 20 nm in all TEM images. (g) Plasmon resonance of Au nanocrystals
of different sizes synthesized by addition of different amounts of precursor. The precur-
sor volumes are provided. (h) Au/Ag nanostructures synthesized with Au nanocrystals of
different sizes. The spectra are color coded with (g).
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Table 3.2: Size distribution of Au nanocrystals at different Au seed volume and correspond-
ing size of Au/Ag nanostructures synthesized at 65 °C.

Au Seed Size of Au Size of Au/Ag Nanostructures
Volume (uL) | Nanocrystals (nm) (nm)
Cubes | Truncated | Cubes Pyramids Pyramids
Cubes (base length) | (side length)
20 4543 46£5 67+3 98+4 86+4
10 52+4 55+6 764 110+£5 93+£5
5 63+3 67+4 87+4 125+7 1007

3.8). By altering the seed volume from 20 L (the standard reaction condition) to 10 uL and
5 uL respectively, the Au-NC edge length increased for all the particle shapes in the solu-
tion mixture (Figure 3.8a-c). The resulting edge lengths of the Au-NCs and corresponding
dimensions of the Au/Ag-NSs are provided in Table 3.2. The increase is size gives rise
to a red-shift in the plasmon resonance due to phase retardation effects (Figure 3.8g). The
increase in size was also accompanied with a high degree of polydispersity and evolution of
elongated rhombic prisms in the solution. The increase in nanocrystal size with reduction
in seed volume is a typical characteristic of seed-mediated growth process; as the ratio of
seed to growth solution volume decreases, the Au>* ions have fewer nucleation sites to pro-
mote additional growth. This also results in spontaneous nucleation since the same amount
of Au seed is not sufficient and cannot provide enough deposition sites for Ag atoms giving
rise to polydispersity. This is an innate limitation of seed-mediated growth process. The
different sized Au-NCs were coated with Ag at 65 °C, and the corresponding bimetallic
nanostructures are shown in Figure 3.8d-f. The dimensions of the Au/Ag-NSs increased
with increase in Au core size. A large density of Au/Ag nanorods was observed for the
larger Au-NCs where the elongated rhombic prisms formed the core of the nanorods (Fig-
ure 3.8d-f). An increase in Au/Ag-NS size with increasing core size results in a red-shift in
the plasmon resonance attributable to increased polarizability and phase retardation effects
(Figure 3.8h). The increase in polydispersity with increasing Au-NC size also results in

inhomogeneous broadening of both the plasmon peaks.
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Figure 3.9: SEM images and TEM images provided in inset of Au/Ag nanostructures fab-
ricated with different concentrations of AgNO3; while keeping Au nanocube concentration
constant. The AgNOj3 concentrations are (a) 0.2 ¢ mol, (b) 0.5 umol, (c) 1 umol, and (d) 2
umol. The scale bar of SEM images is 200 nm in all images. The scale bar of TEM images
in inset is 10 nm in (a,b) and 20 nm in (c, d).
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Figure 3.10: (a) Plasmon resonances of Au/Ag nanostructures fabricated with different
concentrations of AgNO3 while keeping Au nanocube concentration constant. The AgNO3
concentrations are indicated on the left. Plasmon peak position as function of AgNO;3
concentration (b) corner multipole mode and quadrupole mode, (c) for the nanocube dipole
mode, and (d) for the nanopyramid dipole mode.
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Further, we also varied the AgNOs3 concentration to 0.2, 0.5, 1, and 2 umoles while
keeping all other reaction parameters constant to evaluate Ag* role in determining the
growth. Atlow Ag* concentration (0.2 umoles) a very thin Ag shell is formed around the
Au core (Figure 3.9a inset); the thickness of the Ag shell is insufficient to appear in the op-
tical spectra. The plasmon resonance does not have the characteristic Ag resonance peak at
~410 nm for 0.2 pmoles of AgNO3 (Figure 3.10a). With increasing Ag* concentration the
Ag shell thickness increases resulting in an overall increase in size of the Au/Ag-NSs (Fig-
ure 3.9b-d). This is accompanied with a significant shift in the dipolar resonances (Figure
3.10a, c-d) of the Au/Ag nanocubes (~540 nm) and nanopyramids (~620 nm). The corner
multipole (~411 nm) mode becomes stronger with increasing Ag shell thickness (Figure
3.10a-b). The quadruple mode of the nanocubes at 480 nm becomes stronger with increas-
ing Ag shell thickness as well as red-shifts to longer wavelengths (Figure 3.10b). The red-
shift in the plasmon resonance is attributable to phase retardation effects and an increase
in polarizability of light with increasing size. The phase-retardation effects with increasing
size also enables higher order modes to couple with dipole modes and increase in inten-
sity which explains the enhancement in the corner multipole (~ 411 nm) and quadrupole
(~480 nm) modes. Finally, at very high Ag* concentration spontaneous nucleation occurs
resulting in the formation of Au/Ag nanorods (Figure 3.9d). This gives rise to multipolar
modes in the extinction spectrum and strong red-shifts (Figure 3.10).

The Au/Ag-NSs synthesized at different temperatures were utilized for the catalytic
reduction of 4-NP to 4-AP in the presence of NaBH,4. The alkaline environment created
by the addition of BH4™ ions to the 4-NP initiates the formation of 4-NP~, which have a
distinct absorption peak at 400 nm (Figure 3.11a, relevant peak shown in dashed box).
The 400 nm absorbance peak does not overlap with plasmon resonances of Au/Ag-NSs
enabling straightforward monitoring of the reduction in the absorbance of 4-NP~ over time.
NaBHy reacts with water to evolve H, gas which aids in keeping the system well-mixed

throughout the course of the reaction.[10, 16, 62] NaBHy is added in excess to the system;
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Figure 3.11: (a) UV-vis absorption spectra of a 4-NP solution, Au/Ag-NSs synthesized at
65 °C, 4-NP with the addition of Au/Ag-NSs, and 4-NP + Au/Ag-NSs immediately after
the addition of NaBHy, showing the formation of the characteristic 400 nm peak of the 4-
NP- ions. This peak is highlighted with a dashed box around it, and the degradation of this
peak was monitored to determine reaction kinetics. (b) Time dependence of the decrease
in absorption of 4-NP- ions at 400 nm is shown for three different samples: commercially
purchased (Ted Pella, TP) 80 nm Ag nanospheres, Au/Ag-NSs synthesized at 35 °C and
65 °C. The linear section from which k,,, was derived is shown. The induction time, 7,
indicating the onset of the catalytic reduction is also shown.
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Table 3.3: The rate constants (k,p,) and induction time (#p) of the catalytic reduction of
4-nitrophenol via NaBH,4 with the Au/Ag-NSs and Ag nanospheres.

Sample Name Rate Constant (k,,, minutes!) | Induction Time (to, minutes)
Au/Ag-NSs 35 °C 0.7 4
Au/Ag-NSs 65 °C 0.61 2
Ag Nanospheres 0.26 |

due to this high concentration of NaBHy it is reasonable to assume that it remains essen-
tially constant during the reaction, allowing for pseudo first order reaction kinetics to be
used with respect to 4-NP. The rate of catalysis and the induction time needed to initiate
the catalytic reaction is dependent on the crystallographic facets, surface ligands, and metal
composition of the nanocatalysts. To understand the role of each of these components, we
compared the catalytic activity of Au/Ag-NSs with the rounded corners synthesized at 35
°C, Au/Ag-NSs with sharp corners synthesized at 65 °C, and commercially purchased 80
nm Ag nanospheres from Ted Pella Inc. A linear correlation between In(A;/Ag) vs time,
where A is absorbance at ¢t = 0, is observed as expected for a pseudo-first order reaction
(Figure 3.11b). The apparent reaction rate, k), for each nanocatalyst was determined from

the negative slope of the linear fits. While the reduction of 4-NP demonstrated the shortest

u/Ag—35C Au/Ag—65C

induction time on the Ag nanospheres (tg & — | min, tg = 4 mins, 7, 2

mins), k,,, Was slowest on the Ag nanospheres (kf}g p = 0.26min"") relative to the Au/Ag-

NSs synthesized at 35 °C (k‘gZ{,Ag%SC = 0.7 min™") and Au/Ag-NSs synthesized at 65 °C
(kﬁ,‘%Ag —65C _ 0.61 min'l). It is notable, however, despite the difference in induction time,

the Au/Ag-NSs synthesized at 35 °C and 65 °C have comparable reaction rates. The 7
and k,p, values are shown in Table 3.3. The observed differences in catalytic properties
between the three samples are attributable to: (i) electronic effects due to presence of dual
metals, (ii) the available surface area of the nanocatalyst, (iii) energies of different crys-
talline facets, and (iv) role of surface ligands.

To understand the mechanistic process that results in enhanced catalysis by the Au/Ag-

NSs, X-ray photoelectron spectroscopy (XPS) was performed. XPS revealed the silver
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Figure 3.12: XPS survey spectra acquired from (a) commercially purchased Ag nanoparti-
cles, (b) Au/Ag NSs synthesized at 35 °C, and (c) Au/Ag NSs synthesized at 65 °C.
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binding states and the surface composition of the nanostructures. Samples of the Au/Ag
NSs synthesized at 35 °C and 65 °C were dropcast onto clean silicon substrates and dried.
A similarly prepared sample of the commercially purchased silver nanoparticles was in-
cluded in the analysis for comparison. The survey spectra acquired on the three samples
are shown in Figure 3.12. Note that gold peaks are present in both spectra acquired on
the Au/Ag-NSs which can be attributed to photoelectrons produced in the Au core of these
nanostructures. The Au 4f electrons produced from Al Ko x-rays (1486.6 eV) have a ki-
netic energy of approximately 1400 eV. Based on the inelastic mean free path of 1400 eV
electrons traveling through a Ag layer the Ag shell on these particles would have to be on
the order of 12 nm thick for the Au 4f signal to be attenuated to the point that it would not
be distinguished from the background. This suggests that the Ag shells are less than 12 nm
thick. If the shells were indeed thick enough to attenuate the Au photoelectrons produced
in the core, the Au signal present in the survey spectra would suggest that there are Au
atoms present on the surface of or incorporated in the Ag capping layer. The ratio of silver
to gold atoms present within the analysis volume of each sample was determined from high
resolution spectra (Figure 3.13) using handbook sensitivity factors.[63] The Au/Ag ratios
for the 35 °C and 65 °C synthesized nanostructures were 0.056 and 0.018, respectively.
The higher Au/Ag ratio for the Au/Ag-NSs synthesized at 35 °C is due to the thinner Ag
shell achieved at the lower temperature relative to the Au/Ag NSs synthesized at 65 °C (see
Table 3.1). The higher Au/Ag ratio may also be contributed by the high degree of offset Au
core observed in the Au/Ag-NSs synthesized at 35 °C resulting a thinner Ag shell (<5 nm)
in one or more edges (Figure 3.3).

High resolution Ag 3d and Ag MNN spectra (Figure 3.13) were used to determine the
bonding state of the Ag in the three samples analyzed. The bonding energy of Ag is rela-
tively insensitive to its chemical environment. Therefore the Auger parameter was used to
determine the Ag bonding states in these particles.[64] The Auger parameter is the sum of

the binding energy of the photoelectron peak (Ag 3ds/>) and the kinetic energy of the Auger
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Figure 3.13: High-resolution XPS spectra of the Ag 3d, Ag M5N4Ny4, and Au 4f transitions
for the Ag nanospheres, Au/Ag-NSs synthesized at 35 °C, and Au/Ag-NSs synthesized at

65 °C.
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peak (Ag M4N;5Ns). The Auger parameters determined for both the Au/Ag nanoparticles
synthesized at 35 °C and at 65 °C were 726.0 eV, which is consistent with that of metallic
Ag. The Auger parameter determined for the commercially purchased Ag nanoparticles
was 724.4 eV, which is consistent with Ag,O. The results of XPs suggest the composi-
tion of metal nanostructure strongly influences their catalytic properties consistent with
previous reports where bimetallic nanocatalysts have been shown to demonstrate superior
catalytic activity relative to their monometallic counterparts.[8, 17, 50] The significantly
higher k,j,, observed for the reduction of 4-NP by Au/Ag-NSs than the monometallic 80
nm Ag nanospheres is attributed to the enhanced electronic effects due to the presence of
both metals. Au is more electronegative than Ag, while Ag has higher electron conductiv-
ity than Au. The synergistic combination of the two metals in core-shell geometry with a
relatively thin Ag shell improves the relay of electrons at the surface, which consequently
increases the k,p,.[2, 8, 16, 17] The effect of composition is pictorially illustrated in Figure
3.141. We do not believe strain effects at the interface of Au and Ag plays a role in the
catalysis since the lattice spacing of Au (a = 4.08 A) is nearly equivalent to Ag (a = 4.09
A).

In addition to the nanostructure composition, the catalytic activity is also governed by
its shape and the corresponding surface area available for catalytic transformations. In
the case of a sphere with diameter equivalent to the edge length of a cube or pyramid,
the surface-area-to-volume ratio is least for the sphere and highest for the pyramid. A
large surface-area-to-volume ratio indicates higher number of surface sites available for
catalytic reaction to proceed, which may contribute to the higher k,,, observed for the
Au/Ag-NSs relative to the Ag nanospheres. In addition to the surface area, the crystal-
lographic planes constituting the nanostructure play a major role in catalytic rate due to
the differences in binding energies of ions and molecules to different facets. Spherical
nanoparticles are dominated by the {111} facets on the surface and {100} facets in the

interior (Figure 3.14ii).[65] The nanocube faces are bound by {100} facets and nanopyra-
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Figure 3.14: Schematic illustration of the effects that contribute to differences in k), and 7o
between the commercially purchased Ag nanospheres and Au/Ag-NSs including (i) metal
composition influencing the electronic structure, (ii) crystallographic facets, and (iii) sur-
face ligands.
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Figure 3.15: Raman spectra of solid 4-nitrophenol, 4-nitrophenol adsorbed on Au/Ag-NSs
synthesized at 65 °C, and control spectrum of 65 °C Au/Ag-NSs. The NO; stretching mode
at 1321 cm™ blue shifts to 1330 cm™!, while the C-NO, stretching mode at 1279 cm™! blue
shifts to 1289 cm™!. This suggests that 4-NP adsorbs on Ag surface via the nitrogen of the
NO, group. Note that the C-H bending mode at 1106 cm™ and ring stretching mode at
1585 cm™ do not shift at all strongly, supporting that 4-NP adsorbs on the Ag surface via
the NO; group. Such large shifts are unlikely to be contributed by simple drying effects of
the 4-NP on the Au/Ag-NSs surface.
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Figure 3.16: TEM images of nanostructures after catalytic reaction (a-b) 35 °C Au/Ag
nanostructures, and (c-d) 65 °C Au/Ag nanostructures.

mids faces are dominated by {111} facets. Since {100} facets are most catalytically active
to the reduction of 4-NP to 4-AP, Au/Ag-NSs have a higher reaction rate relative to the
Ag nanospheres.[12, 13] To ensure 4-NP binds to the Au/Ag-NSs surface, we performed
Raman spectroscopy (Figure 3.15) of solid 4-NP and 4-NP bound to Au/Ag-NSs. A 10
cm™! shift in the NO, and C-NO, stretching modes of 4-nitrophenol was observed after
binding to Au/Ag-NSs surface which suggests that 4-NP adsorbs on Ag surface via the

nitrogen of the NO, group. Further, we also noted that the Au/Ag-NSs synthesized at 35
Au/Ag—35C

°C have 2x longer induction time (%, = 4 mins) than those synthesized at 65 °C
(tg u/Ag=65C _ 5 mins). This is attributed to the rounded corners bound by the {110} facets

of the Au/Ag-NSs synthesized at 35 °C relative to the sharp corners implying the absence
of {110} facets for Au/Ag-NSs synthesized at 65 °C. The {110} facet has lower energy

and catalytically less active than {100} and {111} facets.
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Finally the ligands on the surface of metal nanostructure also play a key role in cat-
alytic reaction pathways. Contrary to the belief that ligands should be removed from the
nanocatalyst surface to minimize blocking of the active sites, ligand removal often results
in nanostructure destabilization, shape deformation, and aggregation, which are detrimen-
tal to catalytic performance.[1] Both citrate[66] and cetyltrimethylammonium salts[9] have
demonstrated the ability to directly reduce 4-NP and assist in the electron transfer that oc-
curs on the nanocatalyst surface. The Au/Ag-NSs synthesized in this work are capped with
CTAC; the commercially purchased Ted Pella 80 nm Ag nanospheres are capped with cit-
rate. Surface ligands not only control the accessibility of 4-NP~ ions to catalytically active
sites, but also act as a diffusion barrier for the 4-NP™ ions to reach the surface.[67] This dif-
fusion barrier mediated by the ligands results in the induction time related to the magnitude
of the diffusion barrier.[3] Since CTAC is a long-chain bulky molecule (Figure 3.14iii) it
would be expected to induce a longer diffusion time, and therefore a longer induction pe-
riod than the citrate molecules. This explains the longer induction time for the Au/Ag-NSs
relative to the Ag nanospheres.

We have also performed control experiments showing the interaction of Au/Ag nanos-
tructures and Ag nanospheres with NaBH4 only (without 4-nitrophenol). It is evident that
upon addition of NaBHy4, the CTAC ligands are partially stripped from the Au/Ag nanos-
tructures surface which partially compromises the structural integrity of the Ag layer (Fig-
ure 3.16). This results in a blue shift in the Au/Ag nanocubes (535 nm to 525 nm) and
nanopyramids (620 nm to 600 nm) as well as decrease in the intensity of the nanopyramids
resonance (Figure 3.17b). The blue shift also results from a change in the refractive index
of the surrounding medium as previously suggested in ref. 11. The adsorption of BH4™ ions
decompose to give H, gas (consistent with previously proposed mechanism) lowering the
dielectric constant of the surrounding media. The decrease in the intensity of the nanopy-
ramids resonance may occur because CTAC is less strongly bound to the {111} facets of

nanopyramids (relative {100} facets of nanocubes), which makes them more susceptible
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Figure 3.17: UV-vis absorption spectra of Au/Ag nanostructures synthesized at 35 °C (a)
diluted with 2 mL H,O, (b) diluted with 2 mLL NaBHy, (c¢) diluted with 2 mL. NaBH,4 and
monitored for 10 mins, i.e. the course of the catalytic reaction, and (d) zoomed in view of
the spectra shown in dashed box from (c).
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Figure 3.18: UV-vis absorption spectra of Au/Ag nanostructures synthesized at 65 °C (a)
diluted with 2 mL H,O, (b) diluted with 2 mLL NaBHy, (c) diluted with 2 mLL NaBH,4 and
monitored for 10 mins i.e. the course of the catalytic reaction, and (d) zoomed in view of
the spectra shown in dashed box from (c).

to stripping by NaBH,4. We note however, the spectral characteristics of the Au/Ag nanos-
tructures are stabilized after the first few seconds and do not change during the course of
the catalytic reduction (Figure 3.17c-d). This indicates that the Ag layer is partly compro-
mised within the first few seconds after adding the NaBH, but remains stable afterwards
suggesting that a thin layer of Ag likely enhances the catalysis due to stronger electronic
effects from the gold core and a thinner Ag layer is more desirable for 4-NP reduction.
The degradation of the Ag layer is not ideal for long term stability of the catalysts and
can be minimized by ameliorating the synthesis process and adding a protective polymer
layer, such as poly(vinyl pyrrolidone). However, the thickness of the polymer layer will
likely impact the rate of the catalytic reduction, as thick layer will slow down the pathways

for the nitrophenolate ions to pass through the polymer chains and reach the metal surface
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where the 4NP~ reduction occurs. Future work on the nature of ligands and catalyst stability
will further elucidate these effects. Similar experiments have been performed for Au/Ag-
NSs synthesized at 65 °C (Figure 3.18), and commercially bought Ag nanospheres (Figure
3.19). We note that the spectral characteristics of the Ag nanospheres do not stabilize and
continues to decrease during the course of the catalysis indicating a slow degradation of the

nanospheres upon removal of the citrate ligands by NaBHy.
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Figure 3.19: UV-vis absorption spectra of Ag nanospheres commercially purchased from
Ted Pella: (a) diluted with 2 mL. H,O, (b) diluted with 2 mLL. NaBHy, (c¢) diluted with 2 mL
NaBH,4 and monitored for 10 mins, i.e. the course of the catalytic reaction, and (d) zoomed
in view of the spectra shown in dashed box from (c).

The four factors discussed above: electronic effects due to presence of dual metals, the
effects of the total surface area of a nanocatalyst available for catalytic reactions to occur,
binding energies of different crystalline facets towards ions and molecules, and the nature
of the surface ligands, collectively play a role in the superior performance of the bimetallic
nanostructures in the catalytic reduction of 4-nitrophenol to 4-aminophenol. While it is

difficult to separate the role played by each effect, our results suggest that the bimetallic
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composition of the Au/Ag-NSs has the strongest contribution to the overall enhancement
in catalytic reduction of 4-nitrophenol. The effect of composition will likely be enhanced
in alloyed nanostructures where both metals are present on the surface where the catalysis
occurs. Our results also suggest that the shape of the nanostructure and the corresponding
crystalline facets also strongly impacts the rate of catalysis. We also note that the presence
of both nanocubes and nanopyramids in the reaction mixture likely impacts the reaction ki-
netics of 4-NP to 4-AP. While the {100} facets have higher catalytic rate relative to {111}
facets, nanopyramids have a 2 x higher surface-area-to-volume ratio relative to nanocubes.
Therefore, a shape-pure reaction mixture consisting of one of the shapes may not necessar-
ily enhance the reaction rate of 4-NP reduction. Further, while 4-NP reduction is catalyzed
strongly along the {100} facet, several other reactions demonstrate higher activity on {111}
facets, for example, preferential CO oxidation or PROX reaction.[68] This implies a shape-
pure nanocatalyst solution with a single dominant crystalline facet will likely be applicable
to only a few catalytic reactions. We therefore anticipate the Au/Ag-NSs synthesized in
this work can be generalized to a wide-range of heterogeneous catalytic reactions where
different crystalline facets influence the reaction rate. Additionally, the dual plasmon res-
onances at 615 nm and 535 nm will allow their use in light induced catalysis where the

nanostructures can be excited at multiple resonances, allowing multiplexed catalysis.[69]

3.4 Conclusions

In conclusion, we demonstrate the morphological evolution of Au/Ag-NSs at different
reaction temperatures and evaluate the role of edge morphology in controlling the catalytic
rates of 4-NP to 4-AP. Due to slower growth dynamics at lower temperatures, bimetallic
nanostructures are formed with rounded corners bound by the [110] crystal planes. As the
temperature is increased growth along the [100] and [111] planes progresses more rapidly
relative to the less reactive [110] planes eliminating the rounded corners and giving rise to

Au/Ag nanostructures with sharp edges and corners. The corner morphology has a signif-
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icant impact on the catalytic performance where rounded corners show a longer induction
time relative to sharper corners, but comparable catalytic rates for the reduction of 4-NP
to 4-AP. The commercially purchased Ag nanospheres demonstrated the slowest catalytic
rate. These differences in catalysis is attributed to a combination of high surface-area-
to-volume ratio, favorable crystallographic facets, electronic effects where the synergistic
role of Au and Ag results in higher catalytic rates, and ligand effects where long-chain
CTAC molecules present a higher diffusion barrier for 4-NP- ions to reach the surface of
the nanocatalysts. We anticipate in addition to catalysis, the sharp edges and corners of
Au/Ag nanostructures will also give rise to intense near-fields particularly at the dipole
resonance, rendering these bimetallic nanostructures highly relevant for sensing, surface
enhanced spectroscopy, and thermoplasmonic applications. Further, the dual resonances in
the visible region of the spectrum also make these bimetallic nanostructures highly promis-

ing for light harvesting in solar energy conversion devices.

3.5 Methods

Au Nanocrystal Synthesis: Au nanocrystals (Au-NC) were synthesized by modifying a

procedure previously described.[46, 47] All reagents were purchased from Sigma-Aldrich.
Au seeds were prepared by adding 0.6 mL of freshly prepared and ice cold 10 mM NaBH4
to an aqueous solution composed of 7.5 mL of 100 mM cetyltrimethylammonium bromide
(CTAB), 2.75 mL milli-Q H,O (18.2 M£), and 0.8 mL of 10 mM HAuCly. This solution
was stirred vigorously for 1 minute and then transferred to a 35 °C water bath where it was
left undisturbed for one hour. A growth solution was prepared by the sequential addition
of 6.4 mL of 100 mM CTAB, 0.8 mL of 10 mM HAuCly, and 3.8 mL of 100 mM ascorbic
acid to 32 mL of milli-Q H,O. The seed solution was diluted by a factor of ten with milli-Q
H,0. The 20 uL of diluted seed solution was added to the growth solution, mixed gently
by inversion, and then left undisturbed at 35 °C for 5 hours.

Au/Ag Nanostructure Synthesis: Au/Ag nanostructures (Au/Ag-NSs) were synthesized
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by a seed mediated growth process. The Au-NC suspension synthesized above was cen-
trifuged at 1100 RCF for 12 minutes (x3) and washed and soaked in 20 mM cetyltrimethy-
lammonium chloride (CTAC) for 15 minutes. The nanocubes were then redispersed in 333
uL of milli-Q H,O for use as precursor solution for Ag growth. Typically, 200 uL of pre-
cursor solution and 50 uL of 10 mM KBr were added to 5 mL of 20 mM CTAC and heated
in a 65 °C water bath for 10 minutes before adding in 50 uL of 10 mM AgNOj3 and 150 uLL
of 100 mM ascorbic acid. The solution was mixed gently by inversion and left undisturbed
at 65 °C for one hour.

Temperature Dependence: Au/Ag-NSs were synthesized following the above proce-

dure keeping all reagent concentrations constant and varying the reaction temperature be-
tween 35-80 °C. All reactions were performed in a water bath for duration of 60-90 minutes.

Silver Concentration Variation: Au/Ag-NSs were synthesized following the above pro-

cedure keeping all other reaction parameters constant and varying [AgNO3] from 20-200
1L (0.2-2 umoles).

Change in Core Size: The Au-NC core size was varied by addition of 5, and 10 uL of

diluted seed solution respectively to the nanocube growth solution (instead of the standard
20 uL seed solution described above). All other reaction parameters were kept constant,
and Au/Ag-NSs synthesis was followed as described above.

Catalysis Experiments: Catalysis experiments were carried out in a quartz cuvette with

a 1 cm path length. Three different catalysts were tested; Au/Ag NCs synthesized at 35
°C, Au/Ag NCs synthesized at 65 °C, and commercially purchased Ted Pella 80 nm Ag
nanospheres. In a typical process, 250 uL of a 2 mM aqueous solution of 4-nitrophenol
was added to 1 mL of ultrapure H,O. Next, unwashed colloidal nanoparticle solution was
added so that each reaction contained 6 pg of metal. The resulting solution was well
mixed by perturbation, and then 2 mL of 60 mM freshly prepared, ice cold NaBH, was
added at once. The color of the solution turned bright yellow immediately indicating the

formation of nitrophenolate ions due to the alkalinity of the environment. The kinetics
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of this reaction was monitored by using a Varian Cary 5000 UV-vis spectrophotometer to
follow the decrease in absorption of the nitrophenolate ions at 400 nm over time. From
this, the rate constant of the reaction was determined for each different catalyst.

Nanoparticle Characterization: A Varian Cary 5000 UV-vis NIR spectrophotometer

(Agilent Technologies) with dual beam capability was used to measure the extinction of
the Au-NC and Au/Ag-NSs solutions using a 1 cm path length cuvette. The nanoparticle
size, geometry, and composition were characterized using Philips CM20T TEM at 200 ke'V,
an Osiris TEM at 200 keV, and a Zeiss Merlin SEM (Oak Ridge National Lab). Nanopar-
ticle samples were centrifuged at 2500 RPM for 15 minutes (x2) and washed with milli-Q
water prior to SEM/TEM sample preparation.

X-ray Photoelectron Spectroscopy: X-ray photoelectron spectroscopy (XPS) data were

collected using a Physical Electronics (PHI) VersaProbe 5000 equipped with a monochro-
matic Al Ko x-ray source. A 100 um diameter, 50 W x-ray beam rastered over an area of
approximately 400 um by 400 um square was used with a takeoff angle of 45°off sample
normal. Charge neutralization was accomplished using 1.1 eV electrons and 10 eV Ar*.
Survey and high-resolution spectra were taken with pass energies of 187.85 eV and 11.75
eV, respectively. All spectra were energy normalized to carbon at 284.8 eV.

Simulation Protocol: Calculations were performed on single particles in water using a

total-field scattered-field (TFSF) plane wave source. The simulated Au/Ag nanocube has a
50 nm Au core and a 12.5 nm thick Ag shell, with a forward injection of the TFSF source
along the y-axis. The simulated nanopyramid has a 60 nm edge length for the Au core, and

a 20 nm thick Ag shell, with a backward injection of the TFSF source along the z-axis.
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CHAPTER 4

ULTRAFAST EXCITED STATE DYNAMICS IN SHAPE- AND
COMPOSITION-CONTROLLED GOLD-SILVER BIMETALLIC
NANOSTRUCTURES

Adapted from H. F. Zarick, A. Boulesbaa, E. M. Talbert, A. Puretzky, D. Geohegan, and
R. Bardhan, J. Phys. Chem. C, 2017, 121, 4540 with permission from the American

Chemical Society.

4.1 Summary

In this chapter, we have examined the ultrafast dynamics of shape- and composition-
controlled bimetallic Au/Ag core/shell nanostructures with transient absorption spectroscopy
(TAS) as a function of Ag layer thickness (0-15 nm) and pump excitation fluence (50-500
nJ/pulse). Our synthesis approach generated both bimetallic nanocubes and nanopyramids
with distinct dipolar plasmon resonances and plasmon dephasing behavior at the resonance.
Lifetimes obtained from TAS at low powers (50 nJ/pulse) demonstrated minimal depen-
dence on the Ag layer thickness, whereas at high power (500 nJ/pulse) a rise in electron-
phonon coupling lifetime (7;) was observed with increasing Ag shell thickness for both
nanocubes and nanopyramids. This is attributable to the stronger absorption of the 400
nm pump pulse with higher Ag content, which induced higher electron temperatures. The
phonon-phonon scattering lifetime (7,) also rises with increasing Ag layer, contributed both
by the increasing size of the Au/Ag nanostructures as well as by surface chemistry effects.
Further, we observed that even the thinnest, 2 nm, Ag shell strongly impacts both 7| and 7
at high power despite minimal change in overall size, indicating that the nanostructure com-
position also strongly impacts the thermalization temperature following absorption of 400

nm light. We also observed a shape-dependent trend at high power, where 7, increased for
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the nanopyramids with increasing Ag shell thickness and nanostructure size, but bimetallic
nanocubes demonstrated an unexpected decrease in 7, for the thickest, 15 nm, Ag shell.
This was attributed to the larger number of corners and edges in the nanocubes relative to

the nanopyramids.

4.2 Introduction

Bimetallic nanostructures, where two metals are coupled together in a core-shell ar-
chitecture, are of tremendous interest since their optoelectronic properties can be manip-
ulated by not only tuning their shape and size, but also by controlling the composition
of the two metals achieved by tuning the core-shell ratio. The unique characteristics of
bimetallic nanostructures have recently enabled their use in several applications including
biomedicine,[1, 2, 3, 4, 5] surface-enhanced spectroscopies,[6, 7, 8, 9] and photovoltaics[ 10,
11, 12, 13] among others. We recently reported the synthesis and catalytic properties of
bimetallic gold core/silver shell nanostructures[14] (Au/Ag NSs) and demonstrated their
role in plasmonic enhancement of photocatalysis and emerging solar cells.[15, 16, 17, 18]
In this work, we explore the ultrafast excited state dynamics of these Au/Ag NSs in aque-
ous media with transient absorption spectroscopy (TAS). TAS is a time-resolved pump-
probe approach where the electron distribution of metal nanostructures is selectively ex-
cited by a femtosecond pump pulse and the resulting relaxation dynamics are monitored
by a time-delayed spectrally broad probe pulse. This excitation pulse gives rise to broad-
ening of the plasmon absorption band and, as a result, a transient photobleach (PB) band
is observed in the TAS spectrum. The decay of the PB band provides characteristic re-
laxation times as hot electrons in metal nanostructures thermalize with the nanostructure
lattice through electron-phonon interactions followed by heat release to the surrounding
medium via phonon-phonon scattering.[19, 20, 21] Electron-phonon relaxation typically
occurs within 1-5 ps following excitation, and phonon-phonon relaxation is known to oc-

cur in longer timescales of >100 ps.[22, 23, 24, 25, 26, 27] Characteristic decay times of
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electron-phonon relaxation are dependent on the rise in electron temperature correlated to
the power of the pump pulse and linearly increases with pump energy fluence.[28] Phonon-
phonon scattering is impacted by several factors, including nanostructure size and com-
position, and surface chemistry.[29, 30, 31, 32, 33] TAS studies, therefore, enable us to
understand the optical, optoelectronic, and optothermal behavior of metal nanostructures
to ultimately enable their use in relevant technological applications.

While the ultrafast dynamics of monometallic nanostructures have been thoroughly
studied in the past two decades,[19, 20, 24, 34, 35, 36, 37, 38] few reports have been
devoted to bimetallic nanostructures.[25, 39, 40, 41, 42] Here we studied the excited-state
relaxation dynamics of core/shell Au/Ag NSs of two different geometries, nanocubes and
nanopyramids, which result from our seed-mediated synthesis approach. We examined the
electron-phonon and phonon-phonon lifetime as a function of the Ag shell thickness sur-
rounding the Au nanocrystal core, varied between 0-15 nm, and as a function of the pump
energy fluence varied between 50-500 nJ/pulse. Our results demonstrate that at low laser
powers size and compositional effects have minimal impact on the relaxation dynamics of
Au/Ag NSs. However, at high pump power, the composition of the Au/Ag NSs controls
the absorption of the 400 nm pump pulse which directly impacts the electron-phonon cou-
pling lifetimes. The phonon-phonon scattering lifetime is influenced by the size of Au/Ag
NSs as well as by the presence of surface ligands. We also observe an unexpected shape-
dependent trend in the lifetimes associated with the larger number of edges and corners of
the nanocubes relative to the nanopyramids. The results of this work will provide funda-
mental insight into the physical properties of core/shell nanostructures and guide the design
of new shape-, size-, and composition-controlled bimetallic nanostructures. We expect this
will ultimately enable their use in a range of photothermal and photoelectric applications
where these characteristic electron-phonon and phonon-phonon interactions will improve

the overall efficiency of the processes being investigated.
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4.3 Results and Discussion

Bimetallic Au/Ag core/shell nanostructures (NSs) were synthesized following a seed-
mediated growth process described in our previous work.[14] Au nanocrystal cores (Au
NCs) of 45 +3 nm were synthesized in aqueous media utilizing cetyltrimethylammonium
bromide (CTAB) as a stabilizing and shape-directing agent.[43] Uniform Ag shells of vary-
ing thicknesses were grown by transferring the Au cores into a growth solution containing
cetyltrimethylammonium chloride (CTAC) ligands, KBr, ascorbic acid, and AgNOs as a
silver source. Ag layer thickness was controlled by manipulating the Ag concentration,
temperature, and reaction time, the details of which are provided in the experimental meth-
ods section. Nanostructure morphology, composition, and Ag layer thicknesses were char-
acterized with high angle annular dark field (HAADF) STEM provided in Figure 4.1. EDS
elemental mapping confirms the Ag layer thicknesses surrounding the Au NC core (Fig-
ure 4.2). The synthesis of Au NC cores (Figure 4.2a) yields a mixture of ~ 60% rounded
edge nanocubes and 40% to truncated nanocubes, as determined in our previous work.[14]
While the morphology of the Au/Ag NSs remains unchanged with the growth of the thin 2
nm Ag shell (Figure 4.2b, Figure 4.3), with the thicker Ag shells the morphology evolves to
well-defined Au/Ag nanocubes and nanopyramids stemming from the rounded-edge, and
truncated nanocubes, respectively. Additional TEM images confirming the shape and size
of Au/Ag NSs are also provided (Figure 4.4). Shape heterogeneity is a consequence of
most seed-mediated growth processes,[44, 45, 46, 47] and often considered undesirable.
However, our recent work on the use of these bimetallic nanostructures in enhancing the
efficiency of solar cells[15, 16, 17, 18] demonstrated broadband solar photon absorption
and substantial increase in efficiencies in the plasmon enhanced devices as a result of the
shape mixture. Therefore, in this study we examine the ultrafast dynamics of the distinct
optical resonances that arises from the two geometries, nanocubes and nanopyramids, as
well as study the impact of their overall composition to ultimately understand their role in

improving optoelectronic devices.
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HAADF

Figure 4.1: HAADF-STEM images corresponding to the EDS elemental mapping images
found in Figure 4.2. Au/Ag bimetallic nanostructures containing a 45 nm Au core and (a)
0O nm Ag, (b) 2 nm Ag, (c) 8 nm Ag, and (d) 15 nm Ag shells are shown.
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Figure 4.2: STEM and EDS elemental mapping images indicating Au (green) and Ag (red)
in bimetallic nanostructures with a 45 nm Au core and (a) 0 nm Ag, (b) 2 nm Ag, (¢) 8 nm
Ag, and (d) 15 nm Ag shells.

MAG: 450kx MAG: 450kx

Figure 4.3: EDS elemental mapping images of 2 nm Ag Au/Ag NSs of (a) Ag and (b) Au.
Individual elemental maps provided show thin but uniform silver shells encasing the Au
NC cores.
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Figure 4.4: Standard TEM images of Au/Ag bimetallic nanostructures containing a 45 nm
Au core and (a) 0 nm Ag, (b) 2 nm Ag, (c) 8 nm Ag, and (d) 15 nm Ag shells are shown.

The evolution of the optical properties of the Au/Ag NSs with increasing Ag layer thick-
ness (Figure 4.5a) indicates a strong plasmon mode at ~545 nm for the Au NC cores. While
the growth of 2 nm Ag shell introduces slight broadening and blue-shift in the plasmon res-
onance, no additional peaks are observed due to low Ag concentration. With increasing
Ag shell thickness to 8 nm, and 15 nm a second strong dipole resonance is observed at
~620 nm corresponding to the bimetallic nanopyramids, a quadrupole mode is observed at
475 nm associated with the bimetallic nanocubes, and other higher-order modes associated
with the corners of the nanopyramids/nanocubes are observed at 410 nm and 350 nm. These
plasmonic modes are discussed in detail in our previous work.[14, 15] Spectral broaden-
ing and red-shift with increasing Ag shell thickness is attributable to phase retardation and
radiation damping which result from increasing nanostructure size.[48, 49, 50, 51]

The corresponding normalized transient absorption (TA) spectra at 1 ps time delay,
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Figure 4.5: (a) Extinction spectra of Au/Ag core/shell nanostructures with varying Ag shell
thicknesses, ranging from 0-15 nm. (b) Normalized transient absorption spectra at 1 ps time
delay for Au NC core (0O nm Ag) and Au/Ag NSs.

near the time of maximum bleach, for all the samples are shown in Figure 4.5b. The
data was normalized to the maximum bleach amplitude to enable comparison of the TA
dynamics eliminating any effects from the concentration of the samples that impacts the
magnitude of the peaks. We have also provided the non-normalized TAS data for each
sample in Figure 4.6. The capping ligands on the nanostructures were not removed prior to
the TA measurements to avoid aggregation during measurements. Any undesirable thermal
effects in the aqueous medium should be minimal since low pump energy fluences were
used in these studies. Samples were pumped at 400 nm and probed from 450 - 900 nm.
The ultrafast TA dynamics of Au/Ag NSs evolves similar to the steady-state absorption
measurements where a negative photobleaching band (PB1) centered at 530 nm is observed
for the Au NC core (0 nm Ag). The laser pump at 400 nm perturbs the electron distribution
in the metal nanostructures resulting in an increase in electron temperature. This broadens
the plasmon band and gives rise to the photobleach at the band maximum, 530 nm, whereas
absorption in the wings of the band appear as positive signals centered at 490 nm and 580
nm. The dominant PB1 feature is observable for all samples (Figure 4.5b), and shifts with
the 2 nm Ag shell Au/Ag NSs due to the changes in surrounding dielectric medium, and

continues to blue shift with thicker Ag shell similar to that observed in the extinction spectra
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Figure 4.6: Transient absorption spectra at various time delays of solution samples of
Au/Ag bimetallic nanostructures with (a) 0 nm Ag, (b) 2 nm Ag, (¢) 8 nm Ag, and (d)
15 nm Ag shells around 45 nm Ag NC cores.

(Figure 4.5a). With increasing thickness of the Ag layer, the rise in electron temperature
also broadens the dipolar resonance of the nanopyramids resulting in transient bleaching of
the plasmon band centered at 610 nm and 625 nm for the 8 nm and 15 nm Ag layer samples,
respectively. Transient absorption in the wings of this band manifests as an additional
positive signal centered at 650 nm for the 8 nm Ag layer sample, and 670 nm for the 15 nm
Ag layer sample.

The recovery of PB1 band, which correlates to the Au/Ag nanocubes, as a function
of Ag layer thickness is shown in Figure 4.7a for low power (50 nJ/pulse) and Figure
4.7d for high power (500 nJ/pulse) measurements. Following femtosecond excitation of
the bimetallic nanostructures, the electron distribution of the metal is subjected to ultra-
fast changes where the incident energy is thermalized by the electrons via electron-electron

scattering giving rise to a hot electron distribution around the Fermi level.[52] These hot
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electrons ultimately relax back to equilibrium and thermally equilibrate with the nanocrys-
tal lattice through electron-phonon scattering.[20, 37, 53] Subsequently, heat is released
to the surrounding medium via phonon-phonon scattering, a phenomenon that has been
extensively harnessed in photothermal therapies.[3, 54] Electron-phonon decay in metal
nanostructures typically occur in timescales of 1-5 ps whereas phonon-phonon interactions
occur in several hundred ps which is not only driven by the nanostructure size, composition,
and surface chemistry, but also by the excitation energy.[21, 22, 36, 39] These characteris-
tic timescales for the Au/Ag NSs were determined by fitting the experimental data (sym-
bols) with a biexponential decay function (smooth lines) that yielded a fast (77) and a slow
(12) time components at both 50 nJ/pulse (Figure 4.7b, c) and 500 nJ/pulse (Figure 4.7e,
f). The electron-phonon scattering lifetimes of metal nanostructures are more accurately
determined using sub-100 nJ/pulse power because low laser powers induce minimal per-
turbation of the electron distribution in the metal giving rise to nominal increase in electron
temperature in the range of 100-200 K.[55] The electron-phonon, 71, (Figure 4.7b) lifetimes
obtained at 50 nJ/pulse are in the 1-2 ps range and phonon-phonon, 7, (Figure 4.7¢c) life-
times are in the 200-400 ps range consistent with that noted in the literature.[23, 25, 26, 27]
Notably at 50 nJ/pulse, 7; increases by only 0.2 ps as a function of Ag layer thickness (Ta-
ble 4.1) and no clear trends are seen in 7,. This indicates that at low laser powers the Au/Ag
NSs composition and increasing dimensions has nominal impact on the electronic lifetimes
specifically in the size-regime we have probed. The decrease in 7 at 50 and 100 nJ/pulse
(Table 4.1) observed for the 15 nm Ag shell sample is likely due to some aggregation of
the nanostructures in the solution.

We further examined the electronic behavior of the Au/Ag NSs at a higher laser power
(500 nJ/pulse) and observed that the electron-phonon lifetime, 7, (Figure 4.7¢) increases
with increasing Ag layer thickness in the 2-5 ps range which is simply attributable to pho-
tothermal effects in these nanostructures. With increasing Ag shell thickness their ability

to absorb the 400 nm pump pulse improves due to the interband transition of Ag in the
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Figure 4.7: (a) Plasmon bleach recovery monitored at the maximum bleach of PB1 (~
530 nm) after 400 nm pump for all samples types at low power excitation, 50 nJ/pulse.
Kinetics are shown with experimental data (symbols) fitted with a biexponential decay
function (smooth line). Corresponding fast (71) and slow (7,) lifetimes obtained from fits
in (a) are shown in (b) and (c) respectively. (d) Plasmon bleach recovery monitored at
the maximum bleach of PB1 after 400 nm pump at high power excitation, 500 nJ/pulse.
Corresponding fast (71) and slow (77) lifetimes obtained from fits in (d) are shown in (e)
and (f) respectively. For (a) and (d), the early time scales are plotted linearly while later
times (>10 ps) are plotted on a base-10 logarithmic scale. The TEM inset in (a) and (d)
represents the nanostructure attributed to the PB1 band.

Table 4.1: The fast (electron-phonon, 7) and slow (phonon-phonon, 7,) excited state decay
lifetimes from the PB1 bleach centered at ~ 530 nm of the Au/Ag nanocubes with varying
Ag layer thickness at different excitation energies. Lifetimes were obtained by fitting time-
dependent transient absorption data with a bi-exponential decay function.

Excitation Energy

Ag Layer Thickness | 50 nJ/pulse 100 nJ/pulse | 250 nJ/pulse | 500 nJ/pulse
0 nm 1.77£0.06 ps | 2.23+0.06 ps | 2.01 0.04 ps | 2.63 £0.07 ps
250+£59 ps 279 £56 ps 757T+153ps | 752+137 ps
2 nm 1.964+0.05 ps | 2.28 £0.05 ps | 2.99+0.07 ps | 3.924+0.09 ps
365174 ps 392454 ps 981 +98 ps | 1033+ 145 ps
8 nm 2.11+£0.05ps | 2.67x£0.07ps | 2.91£0.09 ps | 4.08£0.11 ps
204 +32 ps 181£29ps | 1173£193 ps | 1170£ 118 ps
15 nm 1.55+£0.06 ps | 1.76£0.06 ps | 3.74£0.09 ps | 4.70£0.15 ps

363 +£81 ps 503 +73 ps 803 £71 ps 942 +47 ps
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UV. The absorption of the pump pulse induces an initial rise in electron temperature which
increases with Ag thickness resulting in longer electron-phonon coupling lifetimes. The
phonon-phonon scattering, 7, (Figure 4.7f) also increases with Ag layer thickness and is
within 700-1200 ps range. Our observed 7, lifetimes at 500 nJ/pulse are higher than the
time scale reported for metal nanoparticles in the 5-30 nm size[21, 22, 23, 24, 26, 37] likely
contributed by the size effects of the >50 nm dimensions of our Au/Ag NSs, as well as con-
tributed by surface chemistry effects. Since the mean free path of electrons in Au and Ag
is ~40 nm,[20, 56, 57] a larger nanostructure size would result in slower relaxation of ex-
cited electron-hole pairs and longer 7,. Previous studies have reported similar observation
where electron relaxation lifetime scales with size and decreasing surface area to volume
ratio.[35, 58] Additionally the presence of surface ligands, CTAB and CTAC, also plays
a strong role in the longer lifetimes. The presence of the ligands is necessary to prevent
aggregation of the nanostructures during measurements. The amount of CTAB and CTAC
required to keep the nanostructures in suspension in aqueous media exceeds the critical
micelle concentration. This gives rise to the formation of stable bilayers of the surfactant
on the surface of the nanostructures. Due to the hydrophobic nature of CTAB/CTAC direct
contact between the Au/Ag NSs and the aqueous media is unlikely. Heat flux from the
nanostructures to the aqueous media is slowed by resistances caused by interfacial thermal
conductance between the nanostructure and the surfactant, as well as surfactant and sur-
rounding media, which increases the lifetime.[32, 33, 59] It is also notable that both 7| and
T, are altered significantly at 500 nJ/pulse for the 2 nm Ag shell Au/Ag NSs despite mini-
mal change in size and optical properties relative to the Au NC cores. This suggests that at
higher laser powers even a thin Ag layer can sufficiently enhance absorption of excitation
light at 400 nm and impact the electron-phonon and phonon-phonon lifetimes. However as
shown in Figure 4.7a-c and Table 4.1 minimal change is observed in lifetimes at the lower
power. This further affirms that the presence of the Ag layer impacts the absorption of the

pump laser and corresponding electron temperature driven entirely by the pump fluence.
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Figure 4.8: (a) Plasmon bleach recovery monitored at the maximum bleach of PB2 (~620
nm) after 400 nm excitation for 8 nm and 15 nm Ag samples at low power excitation, 50
nJ/pulse. Corresponding fast (71) and slow (7,) lifetimes obtained from fits in (a) are shown
in (b) and (c), respectively. (d) Plasmon bleach recovery monitored at the maximum bleach
of PB2 after 400 nm pump at high power excitation, 500 nJ/pulse. Corresponding fast (71)
and slow (77) lifetimes obtained from fits in (d) are shown in (e) and (f) respectively. For
(a) and (d), the early time scales are plotted linearly while later times (>10 ps) are plotted
on a base-10 logarithmic scale. The TEM inset in (a) and (d) represents the nanostructure
attributed to the PB2 band.

Table 4.2: The fast (electron-phonon, 7;) and slow (phonon-phonon, 7,) excited state decay
lifetimes from the PB2 bleach centered at ~620 nm of the Au/Ag nanocubes with varying
Ag layer thickness at different excitation energies. Lifetimes were obtained by fitting time-
dependent transient absorption data with a bi-exponential decay function.

Excitation Energy

Ag Layer Thickness | 50 nJ/pulse 100 nJ/pulse | 250 nJ/pulse | 500 nJ/pulse

8 nm 1.47+£0.11ps | 1.96+£0.09 ps | 2.20+£0.17 ps | 2.98£0.16 ps
139424 ps | 172422ps | 296457ps | 283441 ps
15 nm 1.23+£0.23ps | 1.08£0.20 ps | 2.41£0.19 ps | 4.37+£0.29 ps

2504124 ps | 296483ps | 440+:54ps | 409443 ps
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We also monitored the recovery of the second photobleaching band (PB2) at ~620 nm,
correlating to the plasmon relaxation of the bimetallic nanopyramids, at both 50 and 500
nJ/pulse (Figure 4.8a and d, respectively). Experimental data were fit with a biexponential
decay function, and the extracted electron-phonon lifetimes (7;) for the 50 nJ/pulse mea-
surements show minimal change with increasing Ag layer thickness (Figure 4.8b, c) similar
to the recovery of PB1 observed for the nanocubes at low power (Figure 4.7a-c). While
the phonon-phonon lifetimes (7;) appear to increase with increasing Ag, the low signal
to noise ratio of the measurements for 15 nm Ag shell results in a large error bar (Figure
4.8c) diminishing the accuracy of the extracted time constant. Conversely, the extracted
electron-phonon (77) and phonon-phonon lifetimes (72) at 500 nJ/pulse clearly show an
increase with thicker Ag shells (Figure 4.8e, f), which is correlated to the increasing nanos-
tructure size, surface chemistry effects, and absorption of the 400 nm pump pulse (Table
4.2). The decrease in 7 at 50 and 100 nJ/pulse (Table 4.2) observed for the 15 nm Ag shell
nanopyramids sample is likely due to some agglomeration of the nanostructures in the so-
lution. Further, we also observe an unexpected behavior at 500 nJ/pulse that is strongly
shape-dependent. First, the phonon-phonon coupling lifetime, 7,, for the nanopyramids is
in the sub 600 ps range (Table 4.2), faster than 7, observed for the nanocubes (Table 4.1).
This observation is correlated to the excitation of the nanostructures at 400 nm. While both
nanocubes and nanopyramids have higher order modes that absorb near 400 nm, the strong
dipole resonance of nanocubes at ~530 nm is relatively closer to the 400 nm excitation than
the dipolar resonance of the nanopyramids at ~620 nm. This suggests that the nanocubes
absorb more energy from the excitation pulse, resulting in a higher thermalization tem-
perature due to an increase in heat capacity of the electron gas, and thus requiring longer
dissipation times which result in longer 7,.[24, 25] Second, at 500 nJ/pulse, 7, decreases
for the thickest Ag shell (15 nm) Au/Ag nanocubes (Figure 4.7f) but not for the Au/Ag
nanopyramids (Figure 4.8f). While more experiments will need to be done to elucidate the

exact mechanism of this shape-dependent phenomenon, it may be correlated to the larger
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number of edges and corners of the nanocubes relative to the nanopyramids.

5

a 0.0 b ] ]

a i

8 02 4 @ g

< =, .

< 0.4 @ 34

3 = 1.2 2

N 0.6 - u 50 nJ/pulse e 2 9

® ] ¢ 100 nJ/pulse | @ O0nmAg

£ 984 A 250 nJipulse 14 @ 2nmAg

O 104 v 500 nJ/pulse | @ 8nmAg

=z @ 15nmAg
| L L L L L 0 T I T T T
0 5 10 15 20 25 30 100 200 300 400 500

Delay Time (ps) Excitation Energy (nJ/pulse)

C ., ds
8 " .l ?
< 0.2
< . —_ ]
0.4 3
E 0.4 ] g ] [* ]
"——U -0.6 - = 50 nJipulse o 2 o E
= 1 e 100 nJ/pulse |
(23 0.8 4 250 nJlpulse 1. Sg @ 8nm Ag
1.0 v 500 nJ/pulse i @ 15nmAg
L L L L 0 T I T T T
¢ 5 10 15 20 256 30 100 200 300 400 500
Delay Time (ps) Excitation Energy (nJ/pulse)

Figure 4.9: Normalized plasmon bleach recovery kinetics at (a) PB1 (~530 nm) for 2 nm
Ag shell Au/Ag NSs and (c) at PB2 (~620 nm) for 8 nm Ag shell Au/Ag NSs at four
different excitation energies. Kinetics are shown with experimental data (symbols) fitted
with a biexponential decay function (smooth lines). The fast time component relating to
electron-phonon interactions (71) for all samples as a function of excitation energy at PB1
shown in (b), and for the 8 nm and 15 nm at PB2 is shown in (d).

To further examine the influence of excitation energy on electron dynamics of Au/Ag
NSs, two additional excitation energies were probed so that samples of all Ag shell thick-
ness were systematically studied at 50, 100, 250, and 500 nJ/pulse corresponding to pump
fluences of ~0.07, 0.14, 0.36, and 0.71 uJ/cm?. Representative plasmon bleach recovery
kinetics at 530 nm (PB1) for the 2 nm Ag shell Au/Ag NSs is shown in Figure 4.9a with
increasing pump fluence. All the samples were probed at the four excitation energies and
T and 7, were obtained from biexponential fits of the experimental data shown in Table

4.1. Note that the electron-phonon coupling times, 7}, for all samples demonstrate a linear
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dependence with increasing pump power (Figure 4.9b). Since the number of phonons in
the nanocrystal is limited, higher pump powers result in longer decay lifetimes. This be-
havior is explained by the two temperature model which states that higher pump powers
result in higher electron temperatures which gives rise to longer relaxation times due to the
temperature dependence of electron heat capacity.[26, 27, 38] Note that the linear slope
of thermalization lifetimes as a function of excitation energy increases with increasing Ag
layer attributable to a rise in electron temperature. We also measured the photobleach re-
covery kinetics at 620 nm (PB2) correlating to the nanopyramids and representative spectra
for the 8 nm Ag shell Au/Ag NSs is shown in Figure 4.9c. A similar trend was observed
in the electron-phonon lifetime for the 8 nm and 15 nm Ag shell samples (Figure 4.9d)
which suggests regardless of nanostructure shape, the thickness of the Ag layer governs the
absorption of the 400 nm pump pulse, and higher the pump fluence, longer the lifetime of

the Au/Ag NSs.

4.4 Conclusions

In summary, we have demonstrated the ultrafast dynamics of Au/Ag core/shell nanos-
tructures with Ag shell thicknesses varying from 0-15 nm and the corresponding impact
of shape and composition control on the electron-phonon coupling and phonon-phonon
scattering lifetimes. Our synthesis resulted in both bimetallic nanocubes and nanopyra-
mids with distinct optical properties and corresponding relaxation dynamics at the plas-
mon resonance. TAS measurements at low power show that both electron-phonon and
phonon-phonon lifetimes have minimal dependence on the Ag layer thickness, whereas
at high powers both lifetimes rise with increasing Ag shell. At high pump fluence the
amount of Ag directly correlates to the absorption of the 400 nm pump laser and the rise
in electron temperature, which then strongly impacts the electron-phonon coupling life-
time. The phonon-phonon scattering lifetime is affected by both the size of the Au/Ag

nanostructures, which determines the timescale for heat dissipation, as well as the pres-
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ence of surface ligands which controls the interfacial thermal conductance. In addition to
composition-dependent trends, we also observe an unexpected shape-driven phenomenon
at high power measurements. Whereas electron-phonon lifetime increased with increas-
ing Ag shell thickness for both bimetallic nanocubes and nanopyramids, phonon-phonon
lifetime decreased for the thickest Ag shell nanopyramids. We correlated this trend to the
larger number of edges and corners in nanocubes relative to nanopyramids. We anticipate
this fundamental study will enable deeper understanding of the ultrafast optical behav-
ior of bimetallic shape-controlled nanostructures to ultimately allow their use in a range
of applications including optoelectronics, sensing, contrast-enhanced imaging, and cancer

therapeutics.

4.5 Methods

All reagents were purchased from Sigma Aldrich unless otherwise specified, and were
used as received without further purification. Ultrapure water was used for nanostructure
synthesis.

Au Nanocube Synthesis: All nanostructures used in this study were synthesized by fol-

lowing procedures described in our previous work.[14] Au nanocubes (Au NCs, 0 nm Ag)
were prepared following a seed-mediated growth process. In a 20 mL vial, 7.5 mL of 100
mM cetyltrimethylammonium bromide (CTAB), 2.75 mL H,O, and 0.25 mL of 10 mM
HAuCl, were combined and equilibrated to 35 °C. An amount of 600 uL of freshly pre-
pared, ice cold 10 mM NaBH, was injected to the mixture and stirred vigorously for 1
minute. It was then returned to the 35 °C water bath where it was left undisturbed for 1
hour to form the seeds. A growth solution was prepared by the sequential addition of 6.4
mL of 100 mM CTAB, 0.8 mL of 10 mM HAuCly, and 3.8 mL of 100 mM ascorbic acid
to 32 mL of H,O. Seeds were diluted tenfold with HyO. An amount of 20 uL of diluted
Au seeds were added to the growth solution, mixed gently by inversion, and then placed

in the 35 °C water bath to react for 5 hours. Prior to Ag shell growth around the Au NC
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cores, a ligand exchange was performed. CTAB-capped Au NCs were spun down in 7.5
mL aliquots at 1100 rcf for 15 minutes (x3). The supernatant was removed and the Au
NC pellet was washed and soaked in 3.75 mL of 20 mM cetyltrimethylammonium chloride
(CTAC) for 15 minutes. After the final spin, the CTAC-capped Au NCs were re-dispersed
in 500 uL of H,0, and these were used as the final precursor for all Ag growth reactions.

Ag Shell Growth: A uniform standard silver shell (8§ nm Ag) was formed by combining

400 puL of Au NC precursor with 100 uL of 10 mM KBr in 10 mL of 20 mM CTAC and
placed in a 65 °C water bath. After 10 minutes, 100 uL of 10 mM AgNO;3 and 300 uL
of 100 mM ascorbic acid were added and the concoction was mixed by inversion before
being place back in the 65 °C water bath and allowed to react for 2 hours. To form the thin
Ag shell (2 nm Ag), the same procedure was followed, however the reaction was slowed
by using a 35 °C water bath and stopped at 2 minutes. Thick Ag shells (15 nm Ag) were
grown by following the same procedure with one modification: 200 uL of 10 mM AgNO3
was added to increase the amount of Ag in the reaction from 0.5 tmol to 1.0 umol. The
concentration of ascorbic acid addition was also increased to 600 uL.

Sample Preparation for TAS: Prior to transient absorption measurements, nanostruc-

tures were concentrated by centrifugation in order to achieve optimum optical density for
the TAS experiments. Particles were re-dispersed in the remaining supernatant to ensure
the presence of CTAC that was necessary to prevent aggregation of nanostructures during
measurements.

Characterization: All optical absorbance spectra of the various nanostructures were

taken using a Varian Cary 5000 UV-vis NIR spectrophotometer. Transmission electron
micrographs and STEM-EDS maps were obtained using an FEI Tecnai Osiris transmission
electron microscope at 200 kV.

Transient Absorption Spectroscopy: Femtosecond transient absorption measurements

were conducted using a home-built pump-probe setup based on a femtosecond laser system,

that utilizes seed pulses from a titanium sapphire oscillator (Micra, Coherent), amplified by
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a Ti:Sapphire amplifier (Legend USP-HE, Coherent) to provide 800 nm femtosecond pulses
(2.5 mJ/pulse), operating at 1 kHz repetition rate with 40 fs pulse durations. The Legend
amplifier is pumped by a Nd:YLF laser (Evolution-30, Coherent). A small portion of the
output of the amplifier (~4 ulJ/pulse) is focused on a sapphire window (2 mm thick) to
generate a white light continuum (WLC) probe (450-900 nm). To minimize temporal chirp
in the spectrally broad probe, a set of parabolic mirrors was used to collimate and focus the
WLC on the sample. The transmitted probe was focused onto 100 um core fiber coupled
with a spectrometer/CCD (USB2000ES, Ocean Optics). The pump pulse at 400 nm is
generated by doubling ~50 uJ/pulse of the 800 nm fundamental in a BBO crystal. The
pump beam passes through a delay line to allow control of time-delay between the pump
and the probe. In order to measure absorbance changes between every two successive laser
shots, the pump beam was chopped at a frequency of 500 Hz. At the sample, the spot
sizes of the pump and probe pulses were 150 um and 50 um, respectively. The samples
were held between two quartz windows with a 200 micron spacer, and the experiments
were performed without flowing. The pulse energy of the pump was varied between 50,
100, 250, and 500 nJ/pulse using a neutral density filter, corresponding to energy fluence

of ~0.07, 0.14, 0.36, and 0.71 uJ/cmz, respectively.
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CHAPTER 5

ENHANCED EFFICIENCY IN DYE-SENSITIZED SOLAR CELLS WITH
SHAPE-CONTROLLED PLASMONIC NANOSTRUCTURES

Adapted from H. F. Zarick, O. Hurd, J. A. Webb, C. Hungerford, W. R. Erwin, and R.
Bardhan, ACS Photonics, 2014, 1, 806 with permission from the American Chemical

Society.

5.1 Summary

In this chapter, we demonstrate enhanced light harvesting in dye-sensitized solar cells
(DSSCs) with gold nanocubes of controlled shape. Silica-coated nanocubes (Au@SiO,
nanocubes) embedded in the photoanodes of DSSCs had a power conversion efficiency of
7.8% relative to 5.8% of reference (TiO, only) devices, resulting in a 34% improvement
in DSSC performance. Photocurrent behavior and incident photon to current efficiency
spectra revealed that device performance is controlled by the particle density of Au@SiO,
nanocubes and monotonically decreases at very high nanocube concentration. Finite dif-
ference time domain simulations suggest that, at the 45 nm size regime, the nanocubes
predominantly absorb incident light, giving rise to the lightning rod effect, which results
in intense electromagnetic fields at the edges and corners. These intense fields increase the

plasmonic molecular coupling, amplifying the carrier generation and DSSC efficiency.

5.2 Introduction

Dye-sensitized solar cells (DSSCs) have rapidly emerged as an appealing alternative to
silicon photovoltaics due to the low processing costs and inexpensive constituent materi-
als. Recent efforts to improve power conversion efficiencies (PCEs) have focused on the

synthesis of panchromatic sensitizers, such as porphyrins, with enhanced light-harvesting
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characteristics in the 600-900 nm wavelength range.[1] While effective, the overall PCE
of these sensitizers is often lower than the best performing ruthenium dyes due to their
reduced incident photon to current efficiency (IPCE) at shorter wavelengths. In addition to
organic sensitizers, semiconductor quantum dots have also been utilized to enhance light
absorption in solar cells.[2] However, new sensitizers often alter the energy band posi-
tions relative to the conduction band of TiO, and are incompatible with the redox poten-
tial of the electrolyte.[3, 4] Misaligned band energies result in poor charge separation and
high recombination, lowering the overall device efficiency. Other strategies to augment
light absorption have focused on increasing the thickness or changing the morphology of
the photoanodes[5, 6] and adding scattering layers or back reflectors.[7, 8] Whereas these
approaches have resulted in incremental enhancements in PCE, the higher materials and
fabrication costs associated with thick film solar cells have outweighed the benefits. Alter-
native approaches are hence imperative to increase the overall light trapping in DSSCs and
enhance the PCE without altering the material or electronic properties of sensitizers.
Metal nanostructures integrated with DSSCs can significantly amplify the light-harvesting

characteristics of sensitizing molecules without affecting their chemical functionalities.[9,
10, 11, 12, 13] Following photoexcitation, metal nanostructures couple incident photons
to conduction band electrons, generating surface plasmon resonances (SPRs). These SPRs
give rise to light scattering into the nanoparticle far field, as well as generation of elec-
tromagnetic near fields, which decay exponentially within tens of nanometers from the
particle surface.[14] By effectively manipulating these near-field and far-field properties, a
range of technological applications have been realized, including chemical and biological
sensing,[15] nanomedicine,[16] solar devices,[17, 18, 19] and photodetectors. The ab-
sorption and scattering efficiencies are governed by both the nanostructure size and shape.
Nanostructures >100 nm in size primarily scatter light, whereas smaller nanostructures
predominantly absorb light. Unlike spherical nanoparticles, isotropic and anisotropic plas-

monic nanostructures with sharp edges and corners generate intense fields localized at the
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corners and behave as nanosized light concentrators.[20, 21] Such shape-controlled nanos-
tructures, when coupled with sensitizing molecules in a DSSC, give rise to three distinct
phenomena: (i) nanostructures capture solar energy and scatter light, which is reabsorbed
by the dye monolayer, increasing the total light harvested by the dye; (ii) nanostructures
function as antennas, coupling the plasmonic near field to the optical absorption of the sen-
sitizer, thereby increasing the total absorption cross-section; and (iif) nanostructures con-
vert incident photons to hot electrons, which are rapidly injected into the conduction band
of TiO,, amplifying the number of carriers available for photocurrent generation.[22, 23]
The strongest plasmon-molecule coupling is achieved when the absorption of the molecules
overlaps with the nanostructure plasmon resonance, a phenomenon that has been actively
harnessed in surface-enhanced spectroscopies.[24, 25, 26]

Whereas metal-enhanced DSSCs have largely focused on spherical nanostructures,[10,
12, 13, 27, 28, 29, 30] here we demonstrate the use of gold (Au) nanocubes of controlled
geometry and dimensions to enable plasmonic enhancement of solar cells. Relative to their
spherical counterparts, a cubic morphology (1) has two times higher absorption and extinc-
tion efficiency and three times higher scattering efficiency (Figure 5.1), (2) has about two
times larger surface area, which suggests more dye molecules will be enhanced for a given
DSSC area, and (3) facilitates a higher concentration of charges localized at the corners
and edges, giving rise to larger electromagnetic fields due to the quasi-static lightning-rod
effect.[21, 31, 32] These confined fields can be used as a secondary light source to promote
optical interactions with vicinal molecules and materials. In this work, we have coated
the Au nanocubes in a 3-5 nm uniform layer of silica (Au@Si0O;) and incorporated them
into the photoanodes of DSSCs. We observed that 1.8 wt.% Au@SiO; nanocubes in pho-
toanodes resulted in a 34% increase in the PCE of the device, and we note that device
performance is driven entirely by an improvement in short-circuit current density. By vary-
ing the concentration of Au@SiO; nanocubes in DSSCs, we find a systematic dependence

of nanocube wt.% on device efficiency. IPCE measurements demonstrate that the improve-
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Figure 5.1: Calculated absorption, scattering, and extinction intensity in water of (a)
rounded corner Au nanocubes of 45 nm edge length, and (b) Au nanospheres of 45 nm
diameter using FDTD simulations. The calculations show that nanocubes have a two times
higher absorption and extinction efficiency and three times higher scattering efficiency rel-
ative to nanospheres. Additionally, nanocubes also have a larger surface area compared to
nanospheres. While the surface area of 45 nm nanospheres is 6361.74 nm?, the surface area
of 45 nm edge length nanocubes is 12150 nm?. If we assume each N719 dye molecule is
nominally 3 nm, then ~2121 molecules will be adsorbed on each nanosphere and ~4050
molecules will be adsorbed on each nanocube. Given the higher optical efficiencies and
about two times larger surface area of nanocubes relative to nanospheres, DSSCs embed-
ded with nanocubes will result in more intense light trapping, and more dye molecules will
be enhanced for a given DSSC area.

ment in device performance is attributed to the enhanced light harvesting in the visible
region of the spectrum due to direct coupling of Au nanocube plasmons with N719, ditetra-
butylammonium cis-bis(isothiocyanato)bis(2,2-bipyridyl-4,4-dicarboxylato)ruthenium(II),

dye molecules.

5.3 Results and Discussion

Au nanocubes of ~454+3 nm edge length (Figure 5.2) were synthesized following a
procedure previously described,[33] by a seed-mediated growth process with cetyltrimethy-
lammonium bromide (CTAB) ligands as a shape-directing agent in aqueous media. We cal-
culated the absorption and scattering efficiencies of rounded-corner nanocubes of a range

of sizes (Figure 5.3). While for sizes <30 nm, Ohmic losses are high with very small
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contribution from light scattering, for sizes >75 nm, scattering has a larger contribution
relative to absorption. Based on our calculations at the 45-60 nm size range absorption
to scattering ratios are optimal. The 45 nm edge length was chosen to facilitate enhanced
light trapping due to large absorption cross-section at that size and also due to ease of syn-
thesis. The CTAB-mediated growth process generates size-controlled Au nanocubes in the
15-50 nm size range but results in high degree of polydispersity with many shapes at larger
sizes. It is possible 60 nm edge length nanocubes would have resulted in higher enhance-
ments due to nearly equal contributions of absorption and scattering, however, it was diffi-
cult to synthesize this size with proper shape control. Before integrating the nanocubes in
DSSC anodes, they were coated with a thin, 3-5 nm, layer of silica, generating Au@SiO,
nanocubes (Figure 5.4a).[22] The silica layer serves several purposes. Since metals are
electron scavengers, the silica spacer provides electrical isolation, minimizing recombina-
tion of electron-hole (¢'/h*) pairs on the surface of the metal.[12] The silica layer protects
the metal from the corrosive iodide/triiodide (I'/I37) liquid electrolyte. Finally, the silica
layer also provides thermal stability to the nanocubes, reducing Ostwald ripening during
the 500 °C annealing processes necessary for DSSC fabrication. A ~3-5 nm silica layer
is adequate in providing thermal and chemical stability to the nanocubes without detri-
mentally dampening the electromagnetic fields surrounding the nanocube surface. Thicker
layers of silica (>10 nm) not only result in a red-shift of the plasmon resonance due to
the higher refractive index of silica, but also shield the electron oscillation on the metal,
causing plasmon dampening.[23] Au@SiO, nanocubes were integrated in DSSC photoan-
odes by mixing a concentrated colloidal solution with 20 nm TiO; nanoparticle paste to
form a homogeneous mixture. The mixture was deposited on fluorine-doped tin oxide
(FTO) glass substrates by doctor blading and sintered to convert the amorphous TiO; to
its crystalline anatase phase. The nanocube-incorporated TiO, active layer was then sen-
sitized with dye. FTO glass with a thin layer of Pt served as the cathode, and an I'/I5

redox couple based liquid electrolyte enabled electron transport between the electrodes. A
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schematic representation of the plasmon-enhanced DSSC is illustrated in Figure 5.4b. The
optical characteristics of the nanocubes showed good overlap with the absorption spectrum
of the N719 sensitizer (Figure 5.4c). Finite difference time domain (FDTD) simulations
were performed to predict the absorption and scattering contributions of the nanocubes
and overall extinction behavior. The calculated extinction spectrum (Figure 5.4c) of the
nanocubes (555 nm) is slightly red-shifted from the experimental spectrum (548 nm). This
shift is due to the heterogeneity in the reaction mixture attributed to the presence of both
rounded-corner nanocubes and truncated nanocubes. Detailed particle distribution analy-
sis is provided in Figure 5.5. As expected, the sub-50 nm size regime of the nanocubes
results in a very low albedo, i.e., ratio of scattering to total extinction (Figure 5.4d), sug-
gesting that nanocube-enhanced PCE of DSSCs occurs via near-field coupling with the dye
molecules. The electromagnetic intensity profile, (EZ/E02> , at the plasmon resonance peak
of the Au nanocubes (Figure 5.4d inset) illustrates intense near fields localized at the edges
and corners of the nanocubes. We note that, due to the high absorption to scattering ratio
of Au@SiO; nanocubes, we chose to embed the nanocubes within the mesoporous TiO;
layer of the photoanodes (Figure 5.4a) to enhance the overall optical absorption of the
devices. Plasmonic nanostructures designed by lithographic approaches have been incor-
porated into DSSCs as back reflectors on the conductive substrate[18, 34] or on the counter
electrode surface,[35] both of which enhance the overall device performance by forward
light scattering with minimal contribution from near-field coupling. While effective, for-
ward scattered light may not effectively couple with all of the sensitizer molecules within
the ~10 um mesoporous layer; our strategy therefore focused on homogeneous mixing of
the nanocubes within the TiO, layer to maximize proximity to sensitizer molecules.

To understand the mechanism of plasmonic enhancement of DSSCs, an energy dia-
gram showing the mechanistic processes of DSSCs incorporated with nanostructured Au is
demonstrated in Figure 5.6. Upon illumination, Au nanocubes preferentially absorb (with

some scattering) incident light, generating confined electromagnetic fields on their surface.
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Figure 5.2: (a) SEM micrograph of as-synthesized Au nanocubes with TEM image of an
individual nanocube in the inset. Scale bar is 20 nm in the inset. (b) Cross-section SEM
image of DSSC showing ~9+1 um thick dye-infiltrated mesoporous TiO, layer (green)
on FTO-glass (red).
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Figure 5.3: (a) Calculated absorption and scattering efficiencies of rounded-corner
nanocubes of various edge lengths, and (b) ratio of absorption to scattering as a function
of edge length. The inset in (b) shows a magnified view of nanocubes of 45-75 nm edge

length.
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Figure 5.4: (a) Low-magnification TEM micrograph of Au@SiO; nanocubes and high-
magnification image provided in the inset. The scale bar is 20 nm in the inset. (b) Schematic
representation of plasmon-enhanced DSSCs showing nanocubes embedded within the
N719-sensitized mesoporous TiO, layer with I'/I3” liquid electrolyte. (c) Normalized ex-
perimental (solid black) and calculated (dashed black) extinction spectra of rounded-corner
Au nanocubes in aqueous media with the electromagnetic intensity profile, (E?/Ey?), in
the inset. The absorption spectrum of N719 is also shown (red) to compare the peak po-
sition of N719 with Au nanocubes. (d) Calculated absorption, scattering, and extinction
spectra of 45 nm edge length Au nanocubes in anatase TiO, surrounding media.
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Figure 5.5: TEM images used to verify distribution of nanoparticles. 405 particles were
counted, 54% are rounded-corner nanocubes, 45% are truncated nanocubes, and 1% are
nanorods.

The vicinal sensitizer molecules couple with the intense plasmonic near field, using it as
a secondary light source. This plasmon-molecular coupling results in enhanced light ab-
sorption by the dye molecules, augmenting the number of electron-hole pairs produced in
the sensitizer. This subsequently results in a larger number of electrons transferring from
the lowest unoccupied molecular orbital (LUMO) of the sensitizer to the conduction band
of TiO,. A larger carrier density increases the overall short-circuit current density of the
DSSCs.

The optical absorption spectrum of the mesoporous TiO; sensitized with N719 is sig-
nificantly enhanced with Au@SiO; nanocubes incorporated in the photoanodes (Figure
5.7a). Spectra are shown for the best performing devices containing an optimized concen-
tration of 1.8 wz.% Au@SiO, nanocubes. We also show the absorbance in total percentage
units in Figure 5.8 to demonstrate the amount of light absorbed in the devices. The absorp-
tion enhancement in photoanodes incorporated with nanocubes (Figure 5.7b), obtained by
normalizing to a reference, shows strong improvement in light harvesting throughout the

visible and near-infrared. Particularly, a three-fold enhancement in the 400-600 nm re-
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Figure 5.6: Energy diagram describing how the molecular coupling between plasmonic
nanostructure and sensitizer results in enhanced absorption by N719, generating more elec-
trons that transfer from the LUMO of the dye to the conduction band of TiO,.

gion is attributed to dipole-dipole coupling of nanocubes and dye molecules. We also
note that a 4-12 times absorption enhancement is also observable in the 600-800 nm re-
gion, attributable to a red-shift of the plasmon resonance of Au@SiO; nanocubes when
embedded in the high refractive index (n = 2.55) of the TiO, mesoporous layer (Figure
5.4d), as well as some clustering of the nanocubes within the TiO, layer. In addition to
the red-shift, both clustering of nanocubes and a high dielectric constant surrounding me-
dia also increase the overall light-scattering ability of the Au@ SiO, nanocubes, improving
the optical path length of the DSSCs and enhancing the device efficiency.[17] The PCEs
of reference and plasmon-enhanced DSSCs of equivalent area of 0.12 cm? were examined
under AM 1.5 illumination and received one sun (100 mW/cm?) of power. The best per-
forming reference and Au@SiO, nanocube-incorporated devices (Figure 5.7c) had PCEs
of 5.8% and 7.8%, respectively, i.e., a 34% increase in PCE with plasmonic enhancement
of DSSCs. IPCE measurements for these devices were performed to investigate the spec-
tral response of DSSCs (Figure 5.7d) and to examine the light-harvesting characteristics
of the plasmon-enhanced devices. A supercontinuum white light laser coupled with an
acousto-optical tunable filter was used to modulate the wavelengths from 400 to 700 nm.

While the shape of IPCE spectra of plasmon-enhanced and reference devices are similar,
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Figure 5.7: Optical absorption spectra of mesoporous TiO, before and after sensitizing
with N719 and embedded with Au@Si0O; nanocubes. The sample TiO, + N719 is referred
to as Reference, and the sample with TiO; + Au@SiO, + N719 is referred to as Au@SiO,
in (b), (c), and (d). (b) Absorption enhancement after embedding Au@ SiO, nanocubes
in the photoanode. A strong improvement in light harvesting is observed throughout the
visible and near-infrared. (c) Current density (solid lines) and power density (dashed lines)
curves of the DSSCs with (Au@Si0O;) and without (Reference) nanocubes. Corresponding
incident photon to current efficiency (IPCE) curves are shown in (d). All plasmon-enhanced
data are shown for the best performing devices with an optimized concentration of 1.8 wt.%
Au@SiO, nanocubes.

the nanocube-incorporated devices showed a remarkable increase across the visible spec-
trum, specifically in the 450-550 nm range, overlapping with the plasmon resonance of
Au@Si0; nanocubes. The IPCE spectra correspond well with the absorption spectra (Fig-
ure 5.7a), supporting that the nanocubes promote light trapping in the DSSCs. Enhance-
ment in IPCE of nanocube-enhanced DSSCs relative to the reference is shown in Figure
5.9.

To further understand the light-harvesting capabilities of Au@SiO, nanocubes, the

optimum concentration of the nanocubes was found by varying the particle density of
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Figure 5.8: Percent absorbance of light in photoanodes with TiO, only (black dashed),
TiO, sensitized with N719 (balck solid), TiO, with Au@SiO, nanocubes (red dashed), and
TiO, with Au@Si0; nanocubes sensitized with N719 (red solid). The strong absorbance in
the 600-800 nm spectral range of photoanodes with nanocubes is attributed to red-shift in
plasmon resonances of nanocubes when embedded in the mesoporous TiO; film due to the
high dielectric constant of anatase TiO,. It is evident the light harvesting ability of DSSCs
is significantly improved when embedded with Au@SiO, nanocubes.
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Figure 5.9: Enhancement in IPCE obtained by normalizing nanocube enhanced (1.8 wt.%)
DSSC relative to reference DSSC. An overall increase in IPCE is observed throughout the
spectral range and specifically in the near-infrared consistent with enhancement in absorp-
tion in the nearinfrared as observed in Figure 5.7b and Figure 5.11.
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nanocubes from 0.6 to 4.47 wt.% in the TiO;, active layer. The absorption spectra of
nanocube-embedded anodes are shown in Figure 5.10a. For clarity, only selected con-
centrations are shown here; detailed spectra of all of the particle densities are shown in
Figure 5.11. The optical absorption gradually increases across the entire visible spectrum
with increasing nanocube concentration, indicating a stronger coupling between nanocube
plasmons and dye molecules. At very high particle density of Au@ SiO, nanocubes (>2.95
wt.%) in the TiO; active layer, we observe a strong red-shift in the optical absorption, which
may be attributable to an increase in nanocube clustering at such high concentrations. The
PCEs of the plasmon-enhanced DSSCs were examined under the same conditions as de-
scribed above. Photocurrent spectra for select devices are shown in Figure 5.10b. IPCE
measured in the 400-700 nm wavelength range (Figure 5.10c and Figure 5.12 for all con-
centrations) follows a similar trend to that observed in the photocurrent spectra (Figure
5.10b); TPCE is enhanced across the visible spectrum and reaches a maximum for 1.8
wt.% Au@Si0O; nanocube concentration and then decreases with increasing concentration.
The IPCE spectral characteristics correspond well to the absorbance spectra of the N719-
sensitized photoanodes, and all show maximum enhancements in the 450-550 nm range,
where the plasmon resonance peak of the nanocubes occurs. We note that all IPCE spectra
show an enhancement relative to the reference (Figure 5.12), which suggests that even at
the high particle densities of Au@SiO, nanocubes, plasmonic light trapping still occurs in
these devices.

The detailed device performances of reference (nonenhanced) and plasmon-enhanced
devices for all of the particle densities are shown in Figure 5.13 and also provided in Table
5.1. The open-circuit voltage (V,.) and fill factor (FF) of the devices are almost equiv-
alent (Figure 5.13a,b) with a significant increase in the short-circuit current density (J.)
of the Au@Si0, nanocube-incorporated devices (Figure 5.13c). We do note that there are
slight variances in V,,. and F'F' with metal weight percent, which can be attributed to batch-

to-batch variations in nanocube to TiO, ratio in the DSSC photoanodes, environmental
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Figure 5.10: (a) Optical absorption spectra of N719-sensitized mesoporous TiO, with var-
ied particle density of Au@SiO, nanocubes embedded in the photoanodes. (b) Correspond-
ing current density spectra of the devices. (c) % IPCE of the same devices as a function of
excitation wavelength.
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Figure 5.11: Optical absorption spectra (a,c) and absorption enhancement of DSSCs (b,d)
embedded with Au@SiO, nanocubes relative to reference (TiO, only) photoanodes before
(a,b) and after (c,d) sensitization with N719 dye. Absorption enhancement spectra were
obtained by dividing the plasmon-enhanced spectra by the reference spectrum. A strong
improvement in light harvesting is observed throughout the visible and near-infrared in the
absorption enhancement spectra. Line 1 refers to 0.6 wt.% Au@SiO, nanocubes in the
TiO; active layer, line 2 refers to 1.5 wt.%, line 3 refers to 1.8 wr.%, line 4 refers to 2.24
wt.%, line 5 refers to 2.95 wt.%, line 6 refers 3.56 wt.%, and line 7 refers to 4.47 wt.%.
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Figure 5.12: IPCE (%) spectra of the DSSCs as a function of excitation wavelength is
shown for the reference (TiO, only) and plasmon-enhanced DSSCs. The figure is color-
coordinated and the Au@Si0O; nanocubes concentration is provided in the caption of Figure
5.11.

conditions such as humidity, or possibly some defects in the silica layer surrounding the
nanocubes resulting in a reaction of the metal with the corrosive electrolyte. Since V. is
highly sensitive to these parameters, a non-monotonic variance in the values is not surpris-
ing. However, we note that these parameters do not have a significant impact on the device
performance because Js. shows a clear trend with nanocube weight percent, and the small
statistical uncertainty does not affect the overall trends in DSSC efficiency. This indicates
that the observed plasmonic enhancements in DSSC efficiency are not due to any changes
in the electrochemical properties, but rather due to improved light harvesting in DSSCs,
resulting in an increased J,.. The best efficiencies obtained for the DSSCs (Figure 5.13d)
indicate that a maximum PCE of 7.8% is achieved for plasmon-enhanced DSSCs with 1.8
wt.% of nanocubes. We note that even at a low concentration of 0.6 wt.% of Au@SiO,
nanocubes incorporated in the photoanodes, a 6.33% PCE is obtained, i.e., a 9% increase
in efficiency relative to the reference device (5.8% PCE). Both best and average PCEs of
plasmon-enhanced DSSCs reach a maximum at 1.8 wr.% of nanocubes, then monotoni-
cally decrease with further increases in concentration, and finally level off at 4.47 wt.% of

nanocubes in the active layer. This decrease in device performance at high particle density
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Figure 5.13: Open-circuit voltage (a), fill factor (b), short-circuit current density (c), and
both average and best power conversion efficiency (d) from five devices are shown as a
function of Au@SiO; nanocube particle density (wf.%). The nanocube concentration was
varied between 0.6 and 4.47 wt.%.

of Au@SiO; nanocubes may be attributable to three phenomena: (i) the high concentration
of metal increases electron-hole recombination, decreasing the number of carriers available
for photocurrent generation; (ii) large volume of nanocubes results in the loss of absorb-
ing dye volume; and (iii) the high nanocube density and interparticle interaction between
adjacent nanocubes may result in light to heat conversion by electron-phonon coupling.
The dissipation of this heat results in an increase in phonon density, which consequently
reduces the number of carriers available for photocurrent generation, decreasing device
efficiency.[13, 27] We have also provided a table (Table 5.2) with examples from the liter-
ature of other plasmon-enhanced work on DSSCs and how the efficiencies compare to our

work (Table 5.2).
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Table 5.1: Average values for short circuit current density (Jy.), open circuit voltage (V,.),
fill factor (FF), and efficiency (1), as well as best efficiencies for all DSSCs. A total
of five devices were tested for each sample and standard deviation were used to calculate

uncertainties.

Sample Average V,. | Average J,. | Average FF' | Average n | Best n
(Au@SiO; wt.% W) (mA/cmy) (%) (%)
in TiO,
Reference 0.6464+0.009 | 13.5£0.6 | 0.639+0.002 | 5.6+0.3 5.8
0.6 wr.% 0.6784+0.002 | 14.4+£0.6 | 0.629+0.003 | 6.1+£0.3 6.3
1.5 wt. % 0.6504+0.007 | 17.3£0.2 | 0.603+0.012 | 6.8+£0.2 6.8
1.8 wt.% 0.666+0.005 | 183+1.1 | 0.596+0.016 | 7.3+0.7 7.8
2.24 wt. % 0.648+0.003 | 17.1£2.1 | 0.621+0.011 | 6.94+0.7 7.4
2.95 wt. % 0.6614+0.005 | 16.0+0.7 | 0.636+0.013 | 6.7£0.2 6.9
3.56 wt. % 0.6644+0.009 | 13.7+£1.5 | 0.628+0.012 | 5.7£0.6 6.1
4.47 wt.% 0.638+0.012 | 144+0.9 | 0.6424+0.002 | 5.94+0.5 6.2

5.4 Conclusions

In summary, we employed shape-controlled gold nanocubes coated in a thin, uniform
layer of silica, Au@SiO; nanocubes, in the photoanodes of DSSCs and observed a 34%
increase in efficiency relative to the reference (nonenhanced) devices. By varying the parti-
cle density, we observed a systematic dependence of device performance on the nanocube
concentration; maximum enhancement was achieved with a 1.8 wt.% concentration of
nanocubes. The 7.8% PCE achieved with the best performing plasmon-enhanced DSSC
is attributed to a combination of intense electromagnetic fields confined at the corners and
edges of the nanocubes, due to the lightning-rod effect, and nanocube scattering into the
far field. Both phenomena give rise to plasmonic-molecular coupling and enhanced light
absorption by the sensitizer. The enhanced light-harvesting characteristics of DSSCs inte-
grated with nanocubes will ultimately enable the design of high-efficiency thin-film solar
cells with a thickness of <500 nm with lower costs and better stability. The intrinsic prop-
erties of such shape-controlled metal nanostructures make them appealing for a range of
optoelectronic devices beyond DSSCs, such as Si photovoltaics, organic solar cells, per-

ovskite solar cells, and photodetectors.
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Table 5.2: Survey of few examples from literature of power conversion efficiency of refer-
ence and plasmon enhanced DSSCs with metal nanostructures. Our work is shown at the
end.

Best PCE of Best PCE of %
Nanoparticle Reference | Plasmon-Enhanced | Enhancement | Ref.
Ag@TiO,
nanospheres 7.8% 9.00% 15.38% [27]
Ag@TiO; hollow
nanospheres 6.25% 8.13% 30.08% [36]
Ag/TiO; short
nanorods 7.10% 8.90% 25.35% [37]
Au—SiOz
nanospheres 1.70% 4.00% 135.29% [12]
Au-Ag alloy pop-
corn nanoparticles 5.94% 7.85% 32.15% [38]
Ag
nanospheres 1.44% 1.96% 36.11% [39]
Au@ Agzs
nanorods 5.8% 7.10% 22.41% [11]
Ag nanospheres,
patterned Ag/TiO, 4.59% 5.69% 23.97% [40]
Ag@SiO,
nanoprisms 6.50% 8.40% 29.23% [9]
Virus-templated
Au@TiO;nanoparticles 6.03% 8.46% 40.30% [10]
Patterned Ag
nanodomes 5.64% 5.93% 5.14% [35]
Sandwiched
TiO,/NPs-Ag/TiO, 1.43% 3.01% 110.49% [34]
Au-coated
counter-electrode 5.61% 6.64% 18.36% [41]
Au
nanoislands 5.31% 6.32% 19.02% [42]
Au@SiO, @TiO,
nanospheres 3.07% 6.42% 109.12% [29]
Si0, @TiO, @ AuNP &
Si0O, @ AuNP@TiO, 4.51% 5.94% 31.71% [30]
Au@SiO, This
nanocubes 5.80% 7.77% 33.97% work
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5.5 Methods

Au Nanocube Synthesis: Au nanocubes were synthesized by modifying a procedure

previously described.[33] All reagents were purchased from Sigma-Aldrich. Au seeds were
prepared by adding 0.6 mL of freshly prepared and ice cold 10 mM NaBHy4 to an aqueous
solution composed of 7.5 mL of 100 mM CTAB, 2.75 mL milli-Q H20 (18.2 MQ), and
0.8 mL of 10 mM HAuCly. This solution was stirred vigorously for 1 minute and then
transferred to a 35 °C water bath where it was left undisturbed for one hour. A growth
solution was prepared by the sequential addition of 6.4 mL of 100 mM CTAB, 0.8 mL
of 10 mM HAuCly, and 3.8 mL of 100 mM ascorbic acid to 32 mL of milli-Q H,O. The
seed solution was diluted by a factor of ten with milli-Q H,O. Then 20 uL of diluted
seed solution was added to the growth solution, mixed gently by inversion, and then left
undisturbed at 35 °C for 5 hours.

Silica-Coating Au Nanocubes (Au@SiO, Nanocubes): Au nanocubes were coated with

a thin layer of silica (3-5 nm) by modifying a procedure previously described.[22] 30 mL of
as-prepared Au nanocubes were first functionalized with 400 L of 1 mM 3-aminopropyltri-
ethoxysilane (APTES) for 15 minutes at room temperature while stirring. A 54 wt.% solu-
tion of sodium silicate was adjusted to pH ~10.2 with 5 N HCI followed by injecting 700
1L into the APTES functionalized Au nanocubes. The reaction mixture was stirred for 3
minutes at room temperature and then transferred to a 50 °C oil bath and stirred for 4 hrs
to form the silica shell.

Electrode Preparation: Electrodes were prepared on conductive substrates, fluorine-

doped tin oxide coated on glass (FTO, MTI Corp.), that were first cleaned by sonication in
a bath of 50/50 acteone/isopropanol with 1% Triton-X100 and 50/50 acetone/isopropanol
for 30 minutes each. Cleaned FTO glass slides were treated with 40 mM TiCly in wa-
ter for 30 min at 70 °C and then dried in air. Reference TiO, anodes were prepared by
doctor-blading a ~10 um layer of a 20 nm TiO, paste (Dyesol Inc., MS002010) onto

the surface of the FTO using 1 layer of Scotch® tape to control the thickness, and then
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fired in air at 500 °C for 30 minutes. Plasmon-enhanced anodes were prepared by first
adding a washed and concentrated solution of Au@SiO, nanocubes directly into the 20
nm TiO; paste and mixing until homogeneous. The nanocube incorporated paste was then
deposited via the doctor blade technique and fired as above. Note that the nanocubes are
stable for up to four months after coating with silica; however, for best results, nanocubes
were freshly prepared before each experiment and immediately coated with silica followed
by incorporation in the photoanodes. We did not notice any aggregation or issues with
stability of freshly prepared nanocubes. All anodes received a 40 mM TiCly post treat-
ment for 12 hours at 35 °C, and were then fired in air for 30 minutes at 500 °C. Finally,
anodes were immersed in 0.6 mM Di-tetrabutylammonium cis-bis(isothiocyanato) bis(2,2-
bipyridyl-4,4dicarboxylato)ruthenium(Il) (N719 dye Sigma, 703206) in ethanol overnight
inside a Ny glove box. Platinum cathodes were prepared by drilling holes into the FTO
glass before cleaning. A 25 mM H;PtClg in isopropanol solution was brushed onto clean
FTO glass substrates and then fired at 450 °C for one hour.

DSSC Fabrication: The cathode and anode were heat-sealed with a ring of surlyn film

(McMaster Carr, 7622A41). They were filled with I'/I3” electrolyte comprised of 50 mM
I, 500 mM Lil, and 500 mM tertbutylpyridine (TBP) in acetonitrile by injection through
holes in the Pt electrode. Holes were then heat-sealed with additional surlyn.

Characterization: A Varian Cary 5000 UV-vis NIR spectrophotometer was used to mea-

sure the extinction of the Au nanocubes as well as the absorption of the TiO, thin film
electrodes. The nanocubes were characterized using Philips CM20T TEM at 200 keV, an
Osiris TEM at 200 keV, and a Zeiss Merlin SEM (Oak Ridge National Laboratory). Char-
acterization of power conversion performance of the DSSCs was conducted with a Newport
solar simulator and a potentiostat. Each cell received 1 sun (100 mW/cm?) of power from
the solar simulator at AM 1.5 and was tested in a range from -1.0 to 1.0 V at a scan rate of
50 mV/s. A cell area of 0.12 cm? was illuminated using a shadow mask. Incident photon

conversion efficiency (IPCE) measurements were conducted with a 6 W Fianium fiber laser
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supercontinuum source coupled with a Fianium acousto-optical tunable filter to filter out
the desired excitation wavelength from the white light source.

Simulation Protocol: Finite difference time domain (FDTD) simulations were run with

Lumerical FDTD Solutions. Calculations were performed on a single particle in water
using a total-field scattered-field (TFSF) plane wave source. The simulated Au nanocube

had a 45 nm edge length with a forward injection of the TFSF source along the y-axis.
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CHAPTER 6

IMPROVING LIGHT HARVESTING IN DYE-SENSITIZED SOLAR CELLS
USING HYBRID BIMETALLIC NANOSTRUCTURES

Adapted from H. F. Zarick, W. R. Erwin, A. Boulesbaa, O. K. Hurd, J. A. Webb, A. A.
Puretzky, D. B. Geohegan, and R. Bardhan, ACS Photonics, 2016, 3, 385 with permission

from the American Chemical Society.

6.1 Summary

In this chapter, we investigate the impact of composition by improving light trapping in
dye-sensitized solar cells (DSSCs) with hybrid bimetallic gold core/silver shell nanostruc-
tures. Silica-coated bimetallic nanostructures (Au/Ag/SiO, NSs) integrated in the active
layer of DSSCs resulted in 7.51% power conversion eciency relative to 5.97% for ref-
erence DSSCs, giving rise to 26% enhancement in device performance. DSSC eciencies
were governed by the particle density of Au/Ag/Si0, NSs with best performing devices uti-
lizing only 0.44 wt.% of nanostructures. We performed transient absorption spectroscopy
of DSSCs with variable concentrations of Au/Ag/SiO, NSs and observed an increase in
amplitude and decrease in lifetime with increasing particle density relative to reference.
We attributed this trend to plasmon resonant energy transfer and population of the singlet
excited states of the sensitizer molecules at the optimum concentration of NSs promoting

enhanced exciton generation and rapid charge transfer into TiO,.

6.2 Introduction

Dye-sensitized solar cells (DSSCs), a class of mesoporous solar device, have evolved in
the past two decades as an inexpensive alternative to silicon photovoltaics; however, low ef-

ficiencies of 8-10% have remained a major roadblock to commercialization in DSSCs.[1, 2,
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3] Recently, metal nanostructures have emerged as a transformational approach to augment
light harvesting in solar cells, giving rise to enhanced optical absorption, carrier generation,
and improved efficiency.[4, 5, 6, 7, 8, 9, 10] Through small additions of metal nanostruc-
tures (<2 wt.%), the active material required to achieve high efficiency solar conversion
can be drastically reduced,[11] enabling thin film architectures compatible with scalable
manufacturing routes. Upon illumination, metal nanostructures with subwavelength di-
mensions couple incident photons to conduction electrons, giving rise to localized surface
plasmon resonances (LSPR).[12, 13] By altering the shape, size, and composition of metal
nanostructures, LSPRs can be manipulated to give rise to unique optical characteristics that
can be harnessed for several technological applications from spectroscopy[14, 15, 16] to
nanomedicine[17, 18, 19] to photovoltaics.[20, 21, 22]

Plasmonic enhancement in DSSCs is achieved by four possible mechanisms: (i) Far-
field coupling of scattered light: light incident on metal nanostructures with a sufficiently
high albedo (ratio of total scattered light to extinction) is scattered into the far-field, reach-
ing distances up to 10x the geometrical area[22, 23] and is ultimately reabsorbed by the
sensitizer.[24, 25] In addition, nanostructures can also capture solar photons not absorbed
by the sensitizer, which is achieved by tuning the plasmon resonance to wavelengths com-
plementary to the sensitizers absorption.[26, 27] Both processes increase the total light
harvested by the solar cell. (ii) Near-field coupling of electromagnetic fields: nanostruc-
tures function as antennas concentrating incident light on the metal surface and generating
intense near-fields, which can be orders of magnitude higher than incident light. Proxi-
mal sensitizers couple with the strong near-fields, and the enhanced photon flux increases
the total absorption cross-section of the solar cell. (iii) Plasmon resonance energy trans-
fer (PRET): PRET is similar to Forster resonance energy transfer, where the LSPR dipole
replaces the fluorescent molecule. In this nonradiative process, energy from the metal
nanostructures contained in the localized plasmonic oscillations is transferred to the semi-

conductor or vicinal sensitizer inducing charge separation and e’/h* pair generation. Unlike
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the transfer of hot electrons, which depends on band alignment of semiconductor with metal
Fermi level, the dipole-dipole energy transfer mechanism of PRET is not limited by band
alignment and charge equilibration. PRET is also unaffected by any insulating interlayer,
such as SiO, between the metal and semiconductor.[28, 29] (iv) Hot electron transfer: if a
plasmon is neither scattered nor undergoes PRET, then it is absorbed by the metal and de-
cays via energetic relaxation generating e”/h* pairs. These photoexcited electrons undergo
electron-electron scattering giving rise to a hot electron distribution. These energetic elec-
trons can gain enough energy to overcome the Schottky barrier at the metal/semiconductor
junction and rapidly transfer (at picosecond time scales) into the semiconductor conduction
band, amplifying the number of carriers available for photocurrent generation.[23, 30, 31]
Unlike PRET, any insulating spacer separating the metal and semiconductor will block hot
electrons from transferring unless the spacer thickness is less than the electron tunneling
barrier of the insulator (<3 nm for SiO»).

While plasmonic enhancement of DSSCs has largely focused on monometallic spheri-
cal nanostructures,[32, 33, 34, 35, 36] in this study we demonstrate the use of Au/Ag/SiO,
bimetallic core/shell/shell nanostructures with controlled morphology and composition, tai-
lored to maximize light harvesting in DSSCs. These bimetallic nanostructures have several
advantages: (i) they possess multipolar plasmon resonances due to the use of dual metals
resulting in broadband capture of solar light specifically at longer wavelengths where the
dye sensitizer has poor light absorption,[37] (ii) they have well-defined nonspherical ge-
ometries, which give rise to intense near-field enhancements localized at the edges and cor-
ners of the nanostructures facilitating superior light harvesting abilities, (iif) the use of Ag
can potentially reduce Ohmic losses compared to Au alone, resulting in enhanced radiative
damping and strong light scattering,[38] (iv) the presence of dual metals and nonspheri-
cal geomtery promotes 10x more light scattering relative to monometallic nanoparticles
improving the total light absorbed in the active layer, and (v) they have a tunable core-

shell architecture that allows modulation of optical and electronic properties with minimal
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alterations of overall size.[12]

6.3 Results and Discussion

In this work we have enhanced the performance of standard DSSCs by integrating
Au/Ag/SiOsnanostructures (NSs) in the mesoporous layer. By varying the particle den-
sity, we find a systematic dependence of nanostructure concentration on device efficiency.
While previous studies on plasmonic enhancement of DSSCs have utilized ~0.6-3 wt.%
of nanoparticles,[20, 36, 39, 40] here only 0.44 wt.% Au/Ag/SiO, NSs in the photoan-
odes resulted in a 26% enhancement in the power conversion efficiency (PCE) of the de-
vice, largely attributed to an improvement in short circuit current density. The incident
photon to charge conversion efficiency (IPCE) and absorbance of the devices demonstrate
that enhanced light harvesting is driven by direct coupling of nanostructure plasmons with
the sensitizer, N719 (di-tetrabutylammonium cis-bis(isothiocyanato)bis(2,2-bipyridyl-4,4-
dicarboxylato)ruthenium(IIl)) dye. In addition, IPCE and absorbance provide evidence for
broadband light capture at wavelengths beyond 550 nm, where N719 does not absorb, at-
tributable to the multipolar plasmon resonances of the nanostructures. We also performed
pump-probe transient absorption spectroscopy (TAS) on the reference and plasmon en-
hanced DSSCs to understand the fundamental underpinnings of exciton generation and
electron injection lifetimes in DSSCs in the presence of the nanostructures. We observed a
decrease in lifetimes obtained from TAS with increasing concentration of bimetallic nanos-
tructures in the devices, which we have attributed to a combination of enhanced exciton
generation and rapid injection of electrons into the TiO; conduction band.

Bimetallic Au/Ag core/shell nanostructures (Au/Ag-NSs) were synthesized following
our previously reported seed-mediated growth process.[41] Initially, Au nanocrystal (NC)
cores of ~45 nm edge length were synthesized utilizing cetyltrimethylammonium bromide
(CTAB) as a shape directing agent in aqueous media. Subsequently, Au NC cores were

transferred into a growth solution with cetyltrimethylammonium chloride (CTAC) ligands,
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Figure 6.1: (a) Low-magnification TEM image of Au/Ag NSs and (b) high magnifica-
tion image after silica coating the nanostructures. (c¢) Schematic of operation of plasmon-
enhanced DSSCs showing bimetallic nanostructures embedded within the N719-sensitized
mesoporous TiO, layer with an I'/I3™ liquid electrolyte. (d) Normalized extinction spectrum
of Au/Ag NSs in aqueous media and normalized absorption spectrum of N719 compared
to the solar irradiance spectrum, which has been offset for clarity, of ASTM G173-03 ref-

erence (AM 1.5).
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Figure 6.2: Cross-sectional SEM micrographs of ~10 um thick (a) reference TiO; layer
and (b) TiO, layer containing 0.95 wt.% Au/Ag/SiO; nanostructures. Top view SEM mi-
crographs of the corresponding (c) reference and (d) 0.95 wt.% Au/Ag/SiO; in TiO;.

Ag* ions, KBr, and ascorbic acid and were reacted to form a thin Ag shell around the
Au cores (Figure 6.1a). Sharp edges and corners enable strong electromagnetic fields;
therefore, to promote such growth in the Ag layer, the reaction was carried out at an el-
evated temperature. We demonstrated in our previous work that by increasing the reac-
tion temperature, Ag growth is preferentially accelerated along the [100] and [111] crys-
tal planes, resulting in more defined edges and corners than those attained in the Au NC
cores.[41] These shapes are governed by the shape of the Au core, where rounded-edge
Au nanocubes give rise to bimetallic nanocubes and truncated Au nanocube cores generate
bimetallic nanopyramids. While shape impurity is unavoidable during this seed-mediated
growth process,[42, 43, 44] this mixture of shapes is advantageous in our DSSC in captur-
ing broadband solar light, as discussed below.

Prior to incorporation into the photoanodes of the devices, the Au/Ag-NSs were coated
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with a thin (~5 nm) layer of silica,[23] giving rise to Au/Ag/SiO, nanostructures (Figure
6.1b). The silica layer serves several purposes, including (i) ensuring electrical isolation
to minimize electron recombination on the metal surface, (if) minimizing Ostwald ripen-
ing during annealing of the photoanode at 500 °C, which is necessary to convert TiO;
to anatase phase, (iii) the oxides of silica provide similar chemical functionality as the
TiO,, promoting infiltration and attachment of dye throughout the active layer, and (iv)
providing resistance to degradation in the presence of the iodide/triiodide (I'/I3”) corrosive
liquid electrolyte. The ~5 nm silica layer is sufficient to provide thermal and electro-
chemical stability[35, 45, 46] without detrimentally damping the plasmon; thicker layers
of silica (>10 nm) shield the electron oscillation on the metal, resulting in a decrease
in nanoparticle near-fields. The thin spacer layer enables enhanced near-field coupling be-
tween Au/Ag/SiO; NSs and N719 dye, promoting plasmon enhanced dye-excitation, which
is controlled by the metal-molecule distance.[33, 47]

The silica-coated Au/Ag-NSs were purified, concentrated, and mixed with the nanocrys-
talline TiO, paste to form a homogeneous mixture before depositing on FTO glass by the
doctor-blading technique, which yielded a ~10 pum thick active layer (Figure 6.2). The
reference and bimetallic nanostructure embedded photoanodes were sensitized with N719
dye and integrated with a counter electrode consisting of a thin layer of Pt on FTO glass.
The two electrodes were heat sealed together with a low-temperature thermoplastic sealant
and injected with I'/I3™-based liquid electrolyte. A schematic representation of DSSC ar-
chitecture and device operation is depicted in Figure 6.1c. In a DSSC, upon light exposure,
electrons (e7) are excited from the HOMO to the LUMO band of the dye and are rapidly in-
jected into the conduction band of the TiO,, subsequently traveling through the conductive
electrode via the external circuit to the counter electrode. The I'/I3~ redox couple promotes
shuttling of e, reducing I3™ to I" at the counterelectrode. The oxidized dye then replenishes
the e lost during photoexcitation by oxidizing I" to I37.[48] The homogeneous distribution

of the Au/Ag/Si0, NSs throughout the mesoporous TiO, layer increases proximity to N719
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Figure 6.3: Electromagnetic intensity profiles, (E?/Eq?) with a scale bar of 10°10%, of
(a) a rounded edge Au nanocube, and bimetallic (b) nanocube, (c) nanopyramid, and (d)
nanosphere simulated in aqueous media. Corresponding calculated scattering cross sec-
tions (area normalized) for all simulated nanostructures are shown in (e).
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molecules, maximizing near-field coupling with the sensitizer and total light harvested in
the active layer while minimizing any detrimental effects to the redox processes necessary
for DSSC operation.

The multipolar plasmon resonances of Au/Ag-NSs not only have good overlap with the
optical absorption of N719 centered at 390 and 530 nm, but also capture broadband solar
light (Figure 6.1d). The nanostructures exhibit two dipolar resonances at ~535 and 615
nm attributed to the Au/Ag nanocubes and nanopyramids, respectively, as described in our
previous work.[41] The nanostructures also demonstrate a broad mode at 400 nm assigned
to the interband transition of Ag and higher order modes associated with the nanocube
corners.[41] The direct overlap of the plasmon resonances of Au/Ag-NSs with N719 ab-
sorption enables strong metal-molecule coupling, allowing enhanced light trapping.[49, 50]
In addition, the 615 nm resonance attributed to the Au/Ag nanopyramids extends the light-
harvesting ability of the plasmonic DSSCs to spectral regions where N719 does not absorb,
therefore, enabling broadband solar light capture.

We performed finite difference time domain (FDTD) simulations on single particles in
aqueous media to understand the advantages of bimetallic composition and nonspherical
geometries. Calculated electromagnetic (EM) field intensity enhancements of a rounded-
edge Au nanocube, Au/Ag nanocube, Au/Ag nanopyramid, and Au/Ag nanosphere at their
LSPR frequency are shown in Figure 6.3a-d. Compared with the Au nanocube (Figure
6.3a), the Au/Ag nanocube (Figure 6.3b) has a stronger field enhancement attributable to
the sharp corners of the Ag shell, presence of Ag that has low Ohmic losses and strong
light scattering, and the synergistic plasmonic coupling between the Au core and its Ag
shell.[41, 51, 52, 53] While Au is more electronegative than Ag, Ag has a higher electron
conductivity; the synergistic combination of the two metals in a core/shell architecture im-
proves their electronic properties. The sharp edges and corners of the Au/Ag nanocube
(Figure 6.3b) and Au/Ag nanopyramid (Figure 6.3c) also give rise to an intense nanoan-

tenna effect and a quasistatic lightning-rod effect,[12, 54, 55, 56] making these geometries
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Figure 6.4: The electromagnetic intensity profiles, (E%/E?), of 80 nm diameter (a) Au
nanosphere, (b) Ag nanosphere, and (c) Au/Ag nanosphere simulated in aqueous me-
dia. Corresponding calculated scattering cross sections (area normalized) for all simulated
nanospheres are shown in (d). The electromagnetic intensity profiles, (E2/Ey?), of 65
nm edge length (e) Au nanocube, (f) Ag nanocube, and (g) Au/Ag nanocube simulated in
aqueous media. Corresponding calculated scattering cross sections (area normalized) for
all simulated nanocubes are shown in (h).

ideally suited for light concentration in DSSCs. Further, these edges also provide supe-
rior performance over bimetallic nanospheres (Figure 6.3d) in the augmentation of light
harvesting capabilities of N719 sensitizer. Corresponding calculated normalized scattering
cross sections (Qgcq:) Of each of these nanostructures (Figure 6.3e) demonstrate that the
addition of the silver shell increases the light scattering ability of the Au/Ag nanocube to
nearly 10x greater than that of the Au nanocube. In addition, the anisotropic bimetallic
geometries have 2-3x higher light scattering relative to the Au/Ag nanosphere, allowing
augmented light trapping via an increased optical path length.

Additional simulations that further decouple the impact of the morphology and com-
position can be found in Figure 6.4. These simulations compare the electromagnetic field
profiles and scattering cross-sections of spherical Au, Ag, and Au/Ag nanoparticles and
cubic Au, Ag, and Au/Ag nanoparticles of nearly identical volume. These calculations

clearly show (i) cubic shapes have stronger near-fields and scattering efficiency relative to
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spherical nanoparticles, and (ii) bimetallic composition, i.e. the addition of Ag layer on
Au core, results in stronger optical properties than an Au nanoparticle of similar size and
shape.

The light-harvesting capabilities of the Au/Ag/SiO, NSs were investigated by incor-
porating them into the photoanodes of DSSCs and comparing to reference devices (no
plasmonic nanostructures). The particle density of incorporated nanostructures within the
mesoporous TiO, matrix was varied between 0.22 and 0.95 wt.% to find the optimal range
for plasmonic enhancement. The absorption spectra of the plasmon-enhanced photoanodes,
when compared to the reference, shows a gradual increase across the entire visible spectrum
with increasing particle density from 400-550 and >600 nm overlapping with the plasmon
resonance peaks of Au/Ag/SiO, NSs (Figure 6.5a). By normalizing the absorbance of the
plasmon-enhanced devices to the reference (0 wt.%), the relative enhancement in light ab-
sorption is observed in these ranges (Figure 6.6). It is also notable that, at high particle
densities (>0.60 wt.%), light absorption rapidly increases at longer wavelengths, which
may be attributable to aggregation of the nanostructures in the photoanodes, which results
in the red-shift of the plasmon resonance to longer wavelengths.[11]

The power conversion efficiencies (PCEs) of reference and plasmon-enhanced DSSCs
of equivalent area of 0.12 cm” were examined under AM 1.5 simulated solar light with
each device being illuminated at 100 mW/cm? of power. Photocurrent spectra of the best
performing DSSCs (Figure 6.5b) demonstrate that maximum plasmonic enhancement is
achieved for DSSCs containing 0.44 wt.% Au/Ag/SiO, nanostructures reaching a max-
imum PCE of 7.51%, which is 26% higher than the 5.97% PCE achieved with the ref-
erence DSSC. The spectral responses of the DSSCs were further investigated with IPCE
measurements obtained with a supercontinuum white light laser coupled with an acousto-
optic tunable filter used to modulate the wavelengths from 400 to 800 nm. Similar to the
trend observed in absorbance spectra, the IPCE for the plasmon enhanced devices (Figure

6.5c) show an increase in photocurrent generation throughout the visible spectrum, with
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the maximum IPCE enhancements observed for the DSSCs incorporated with 0.44 wt.%
Au/Ag/SiO, NSs. Note that all plasmon-enhanced devices show an increase in photocur-
rent over the entire visible spectrum, corresponding well with the plasmon resonance of the
nanostructures (Figure 6.1d).

The detailed device performance for both reference and nanostructure-incorporated
DSSCs as a function of particle density is demonstrated in Figure 6.7, with the values
shown in Table 6.1; we tested a total of five devices for each sample and used standard
deviations from these devices to calculate uncertainties. The open-circuit voltages (V)
displays a slight increasing trend up to 0.44wt.% Au/Ag/SiO, NSs (Figure 6.7a), which is
most likely attributed to improved charge transfer at optimal nanostructure loadings. Previ-
ous studies have performed impedance spectroscopy on plasmon-enhanced DSSC systems
and reported a decrease in R, which is the charge transfer resistance over the conducting
layer/photoanode interface and counter electrode/electrolyte interface collectively. This
charge transfer resistance in the presence of metal nanoparticles is manifested in device
performance, both as an increase in Jy. as well as V,,..[57, 58] It has also been reported
that at high nanoparticle loadings R, the charge transfer resistance at the photoanode/-

electrolyte interface, increases, indicating that metal nanoparticles act as recombination
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Table 6.1: Average values for open circuit voltage (V,), short circuit current density (Jy),
fill factor (FF), and power conversion efficiency (PCE), and best PCEs for all devices.
A total of five devices were tested for each sample and standard deviations were used to
calculate uncertainties.

Sample Average V,. | Average J,. | Average FF'I' | Average PCE | Best PCE
[Au/Ag/SiO; [V] [mA/cm;] [%] [%]
wt.% in TiO,]

Reference 0.6354+0.016 | 11.4£0.5 | 0.697+0.010 | 5.194+0.45 5.97

0.22 wt. % 0.6804+0.005 | 14.5+£0.5 | 0.694+0.006 | 6.824+0.23 7.15

0.44 wt. % 0.6954+0.005 | 15.2+0.4 | 0.6894+0.005 | 7.294+0.17 7.51

0.60 wt.% 0.6504+0.006 | 13.5+£0.5 | 0.6774+0.003 | 5.924+0.27 6.12

0.95 wt.% 0.648+0.011 | 12.8£0.5 | 0.6724+0.004 | 5.57+0.28 6.04

centers. Therefore, optimizing the nanostructure concentrations in solar devices is of ut-
most importance.[27, 59] A slight decrease in V,,. is observed at higher particle densities;
as the V,,. is determined by the energy difference between the semiconductor under illumi-
nation and the Nerst potential of the I'/I3” redox couple in the electrolyte, it is likely that the
presence of metal nanostructures within the TiO, semiconductor results in a downshift in
the Fermi level.[60, 61] This downshift likely decreases the gap between the Fermi level of
TiO; and the Nerst potential of the redox couple, which would decrease the V,,..[33, 62] At
low particle densities, up to 0.44 wt.% Au/Ag/Si0, NSs, the amount of metal present does
not have appreciable effects on the Fermi level; therefore, this trend is observable when de-
vices contain higher concentrations of Au/Ag/SiO; NSs. The fill factor (FF, Figure 6.7b)
also has a consistent slight decrease with increasing nanostructure concentrations suggest-
ing that, at high densities, aggregation of nanostructures may result in electron trapping
within metallic junctions.

The short circuit current density (J;.) and PCE of the devices (Figure 6.7c,d) show a
near-identical trend where the highest J. of 15.70 mA/cm? and PCE of 7.51% are achieved
at 0.44 wt.% of Au/Ag/SiO, NSs. The maximum Jy. observed for the best-performing,
plasmon-enhanced devices is 28% higher than the Jy. for the best-performing reference

DSSC (12.27 mA/cm?), analogous to the maximum enhancement achieved in PCE (26%).
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Since J;. 1s reflective of the light harvesting capability of the devices, the trends in PCE and
Jsc suggest plasmonic enhancement in DSSCs is contributed by increase in light absorption
with minimal alterations in the electrochemical properties of the devices. The improved
light harvesting in the nanostructure-incorporated devices can be attributed to (i) near-field
coupling between the LSPR and adjacent sensitizer molecules, (i) PRET from nanostruc-
tures to semiconductor, and (iii) light scattering in the nanoparticle far field, which can be
trapped in the mesoporous semiconductor layer. These mechanisms are supported by the
trends observed in absorption and IPCE measurements of the photoanodes. Due to the ho-
mogeneous mixing of the bimetallic nanostructures throughout the active layer (see Figure
6.2), we anticipate interparticle coupling between adjacent nanostructures may promote
long-range surface plasmon polariton modes, which would also contribute to the overall
enhancements. It is unlikely that hot electron transfer plays a role in our system due to the
large size of the nanostructures and the ~5 nm silica layer surrounding the Au/Ag-NSs.
The process of hot electron generation in metal nanostructures depends on both the mean
free path of electrons (A.) and thickness of insulating barrier between the metal and semi-
conductor. The A, in both Au and Ag is on the range of 40-50 nm;[63] as the size of both
the nanocubes and the nanopyramids is >50 nm, fewer electrons likely travel to the metal
surface due to loss of electrons by scattering. The few electrons that reach the metal/SiO,
interface would then need to pass the insulating silica barrier. Since the electron tunneling
barrier (®;,) of silica is ~3 nm or less[64, 65, 66, 67] and the thickness of our spacer layer
is ~5 nm, we do not anticipate that hot electrons transfer to the sensitizer or TiO;.

We also observed a decrease in Jy. and PCE at high particle densities of Au/Ag/Si0,
NSs. This decrease in performance is a consequence of excess metal which results in (i)
a loss of absorbing dye volume due to the large volume of nanostructures, (ii) aggregation
of nanostructures resulting in electron trapping within junctions, and (iii) nanostructure
aggregation, which gives rise to interparticle coupling between adjacent nanostructures that

results in electron-phonon coupling and subsequent generation of heat.[11, 36, 68] These
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Figure 6.8: Transient absorption spectra for Au/Ag/SiO, + TiO, only samples (not sensi-
tized with N719) at (a) 1 ps and (b) 100 ps time delays at the photobleaching state at ~530
nm. (c) Decay kinetics at 530 nm for all samples. Transient absorption spectra for N719
sensitized reference and N719 sensitized Au/Ag/SiO, NSs incorporated samples at (d) 1 ps
and (e) 500 ps time delays at 530 nm. (f) Decay kinetics at 530 nm for the N719 sensitized
reference and N719 sensitized plasmon-enhanced samples. All decay kinetics are shown
with experimental data (symbols) fitted with a biexponential decay function (smooth line).
Early time scales are plotted linearly; later time scales (>10 ps) plotted on a logarithmic
scale with a base of 10.
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Figure 6.9: Transient absorption spectra at various time delays for Au/Ag/SiO, NSs incor-
porated in TiO; at (a) 0.22 wt.%, (b) 0.44 wt.%, and (c) 0.95 wt.%. These samples were
not sensitized with N719. Transient absorption spectra at (d) 1 ps and (e) 100 ps time delay
for the same samples pumped at 400 nm and probed at 650 nm which is characterized as
the photoinduced absorption (PTA) band. (f) The decay kinetics at 650 nm for all samples.
Due to the low amplitude of the PIA band, the kinetics data could not be fit to a decay
function to obtain reasonable time constants.

detrimental processes would diminish the number of carriers available for photocurrent
generation leading to decreased device performance.

To evaluate the fundamental mechanisms that drive plasmonic enhancement in DSSCs
with Au/Ag/SiO; NSs, we performed TAS to understand dynamics of exciton generation,
electron injection, and charge recombination within the mesoporous TiO; active layer. All
samples were excited with a 400 nm pump and probed with white light continuum from
450 to 900 nm. We first examined the photoanodes in the absence of the sensitizer with
the nanostructures embedded in the mesoporous TiO,. Three different particle densities
were chosen relevant to the plasmon-enhanced DSSCs tested earlier (see Figure 6.7), in-
cluding 0.22, 0.44, and 0.95 wt.% Au/Ag/SiO,NSs in TiO, (Note: DSSCs with 0.44 wt.%
Au/Ag/Si0O, NSs were the best performing devices). The evolution of the TA spectra of

the three samples at 1 and 100 ps time delays at 530 nm (Figure 6.8a, b) clearly demon-
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strate particle density dependent changes in spectral properties. The complete evolutionary
spectra for the samples from 1-1000 ps time delays are provided in the Figure 6.9a-c. The
spectral feature observed at 530 nm for all samples is attributable to the photobleaching
(PB) state of the plasmon mode of the Au/Ag/SiO, NSs which corresponds well with the
530 nm plasmon resonance of the bimetallic nanostructures (Figure 6.1d). The amplitude
of the PB state increases monotonically with particle density at both 1 ps (Figure 6.8a) and
100 ps (Figure 6.8b) time delays, and the spectral evolution clearly shows the relaxation of
the plasmon excitation culminates within the first 100 ps followed by energy transfer into
TiO;conduction band. This is consistent with previous observation of inelastic electron-
phonon scattering and subsequent energy transfer from metal nanoparticles to TiO, within
the first 100 ps.[69] The decay kinetics of these samples were fit with a biexponential decay
function (Figure 6.8c), and the corresponding amplitudes, time constants, and amplitude
weighted lifetime, Ty, given by Ta,g = ((A1 X 71 +A2 X 72) /(A1 +A2)), were derived from
the fits and are shown in Table 6.2. We attribute the fast time constant (7;) to relaxation
by means of electron-electron scattering after initial electronic excitation of nanostructures,
which results in hot e” generation, and we attribute the slow time constant (7,) to energy
transfer to TiO,. Since 7 is relatively constant for all the samples, we infer hot electrons
do not transfer across the insulating silica layer of the Au/Ag/SiO, NSs. However, the
change in 7, among the samples and the overall rapid decrease in 7,,, with increasing par-
ticle density of Au/Ag/SiO, NSs is direct evidence of PRET. This suggests PRET occurs
from the bimetallic nanostructures to the TiO, conduction band across the insulating SiO,
layer resulting from the dipole-dipole relaxation of the excited plasmons.[28, 69] We also
note that energy transport between adjacent nanostructures at high concentrations is pos-
sible and has been reported previously in metal nanoparticle chains.[70, 71] However, at
high concentrations, when nanostructures are touching, such long-range energy transfer
will likely be a slower process relative to PRET from metal to TiO,. Therefore, the latter

mechanism will likely dominate. Further, previous studies have shown energy transfer from
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Table 6.2: Amplitudes (A), time constants (7), and amplitude-weighted lifetimes (7,¢)
derived from biexponential fits of the transient absorption decay function for the different
samples. All samples are embedded in mesoporous TiO;.

Sample Aq T Ar T Tavg

[ps] [ps] | [ps]

0.22 wt.% Au/Ag/SiO, -0.69 | 11.08 | -0.23 | 2387 | 711
0.44 wt.% Au/Ag/SiO, -0.68 | 13.98 | -0.30 | 912 | 291
0.95 wt.% Au/Ag/SiO, -0.74 | 13.86 | -0.24 | 1553 | 392
TiO, + N719 -0.14 | 6.67 | -0.90 | 2915 | 2523

0.22 wt.% Au/Ag/SiO, + N719 | -0.34 | 6.67 | -0.70 | 2928 | 1977
0.44 wt.% Au/Ag/SiO, + N719 | -0.40 | 4.57 | -0.67 | 2826 | 1781
0.95 wt.% Au/Ag/SiO, + N719 | -0.60 | 6.33 | -0.48 | 1822 | 815

metal to TiO,when pumped at wavelengths higher than the bandgap of TiO; but lower or
equivalent to the plasmon resonance of the metal.[72, 73] With increasing concentration of
Au/Ag/SiO, NSs in the mesoporous TiO; layer, an enhancement in plasmonic excitations
is anticipated, which augments the rate of energy transfer and decreases 7,,,. Though, a
slight increase in 7,,, is observable for the photoanode integrated with highest particle den-
sity, 0.95 wt.% Au/Ag/Si0, NSs. This is likely attributable to aggregation of Au/Ag/Si0;
NSs in the mesoporous TiO at such high concentrations, which results in damping of the
plasmon resonance giving rise to a weaker PRET mechanism, and, therefore, an increase
in the corresponding 7,ye. In addition to the PB state, we also observe broad photoinduced
absorption (PIA) band at ~650 nm (Figure 6.9a-d), which rapidly decays within the first
20-100 ps (Figure 6.9d, e), corresponding well with the 615 nm plasmon resonance peak of
the Au/Ag/SiO, NSs. The PIA band is much weaker than the PB band; therefore, meaning-
ful lifetimes could not be derived from the biexponential fits of the evolutionary spectra of
the samples (Figure 6.9f). However, a particle density dependent trend is still observable,
showing evidence of PRET from the Au/Ag/SiO, NSs into TiO;.

We then investigated the photoanodes sensitized with N719 dye and compared the TA
evolutionary spectra of the reference and plasmon-enhanced photoanodes at 530 nm (Fig-

ure 6.8d). Due to the strong spectral overlap in the extinction of the bimetallic nanostruc-
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Figure 6.10: Transient absorption spectra at various time delays for samples sensitized with
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tures and N719 dye (see Figure 6.1d), the plasmon-enhanced samples are expected to have
contributions from both the photobleaching of the dye and relaxation of the Au/Ag/SiO,
NSs plasmons at 530 nm. Representative TA spectra at 1 and 500 ps of reference (TiO;
+ N719) and photoanodes embedded with nanostructures sensitized with N719 are shown
in Figure 6.8d,e (full spectra of each sample for a range of time delays can be found in
Figure 6.10). The spectra show a clear particle density-dependent evolution and complete
recovery of the photobleaching state by 500 ps in all samples. The data were fit with a
biexponential decay function, and corresponding amplitudes and lifetimes were derived
(Table 6.2). The fits yield a fast (77) and a slow time constant (7,). Previous studies on
N719-sensitized TiO, systems have demonstrated two time components; 7; was attributed
to electron injection into the conduction band of the TiO; from the singlet metal to ligand
charge transfer ('MLCT) states and 7, to the triplet (®MLCT) states of the excited N719
complexes.[74, 75] The decay kinetics at 530 nm of the reference and plasmon-enhanced
samples (Figure 6.8f) show several noteworthy characteristics: (i) the amplitude of the
decay kinetics is enhanced for the nanostructure embedded photoanodes relative to the ref-
erence and monotonically increases with particle density. This is likely attributable to the
stronger molecular absorption coefficient of metal nanostructures, typically on the order of
10° to 10'0 M! cm™!,[35, 76] as compared to N719, which is 1.58 x 10* M-l ecm™!.[77]
This suggests that the photobleaching of the excited Au/Ag/Si0, NSs is anticipated to be
stronger than that of the dye alone. (ii) The amplitude-weighted lifetime, 7, drastically
decreases with increasing particle density relative to the reference sample. This suggests
bimetallic nanostructures augment light trapping in the active layer of DSSCs enhancing
the e’/h* pairs generated in N719, resulting in more electrons being available to rapidly
transfer to the TiO, conduction band. Therefore, the presence of metal nanostructures
leads to faster electron injection into TiO,conduction band before recombination can occur
in the bulk, resulting in shorter exciton lifetime. Decreased lifetime of photogenerated car-

riers in the presence of metal nanoparticles was recently reported in perovskite solar cells as
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well.[78] Finally, (iii) for the best performing plasmonic photoanodes embedded with 0.44
wt.% Au/Ag/SiO, NSs, both the fast (77) and slow time component (1) are shorter rela-
tive to the reference photoanode (see Table 6.2). This is notable since the non-optimized
concentrations (0.22 and 0.95 wt.%) only affect electron dynamics at longer time scales
(72). These time constants indicate, following photoexcitation and plasmon enhanced light
trapping in samples, PRET occurs at time scales of several hundred picoseconds, altering
T, across all samples. However, at the optimum particle density of 0.44wt.% Au/Ag/SiO,
NSs, a strong metal-molecule interaction occurs via both plasmonic near-field and far-field
coupling which likely populates the singlet (' MLCT) states of the excited N719 molecules,
promoting enhanced e /h™ pair generation and rapid charge transfer into TiO,. This phe-
nomenon decreases 71 from 6.67 ps in reference to 4.57 ps in Au/Ag/SiO, NSs embedded
photoanodes. We do observe 1,,, for the sensitized photoanodes decreases consistently
with increasing particle density, but before sensitization, 7, slightly increases for the
highest particle density (0.95 wt.%). We anticipate this likely results from an improved
charge transfer and PRET when the dye molecules surround the nanostructures; however,
the exact mechanism of this observation remains unclear and further studies are underway.
In an effort to further examine the role of PRET and to demonstrate that the thickness of
the silica layer does have an impact on DSSCs electron dynamics, we have performed ad-
ditional transient absorption studies of Au/Ag nanostructures coated with ~30 nm silica
layer (Figure 6.11) and integrated in the photoanode of DSSCs sensitized with N719 at
the optimized particle density of 0.44 wr.%. PRET is strongly dependent on the near-field
profile of nanostructures; at 30 nm from the surface of bimetallic nanocubes and nanopy-
ramids, the near-field still exists but is very weak, so we do anticipate a very weak effect of
PRET with the 30 nm silica coated Au/Ag nanostructures.

Decay kinetics of 30 nm SiO, coated samples were compared to the standard 5 nm
silica coated Au/Ag nanostructures embedded in DSSC photoanodes at 0.44 wt.% particle

density (Figure 6.12a). The data were fitted with a biexponential decay function (solid
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Figure 6.11: (a) Low-magnification and (b) high magnification TEM micrograph of Au/Ag
nanostructures coated with a ~30 nm layer of SiO, achieved with a modified Stober
process.[79]

lines in Fig. S8a) and the derived amplitudes, time constants, and average lifetimes from
the fit are shown in Figure 6.12b. We observe that the fast time component, 7;, increases
in the 30 nm SiO; sample to 5.26 ps compared to 4.57 ps in the 5 nm SiO;. This is
nearly equivalent to 7| of all the samples that are shown in Table 6.2. The increase in
71 shows that since the near-field substantially decays off 30 nm from the metal surface,
this separation distance between the dye and metal weakens the metal-molecule interaction
that is observable in the case of 5 nm silica layer thickness. This weak coupling likely
does not allow population of the singlet metal ligand charge transfer (! MLCT) states of
the excited N719 molecules, which increases 7; to values equivalent to the reference and
non-optimized plasmonic samples.

We expected the slow time component, 7, of the 30 nm SiO, coated Au/Ag samples
to increase as well due to weak PRET effects. Instead, to our surprise, a much shorter
lifetime of 262 ps was observed compared to 2982 ps for the reference and 2826 ps for the
5 nm silica coated Au/Ag sample at 0.44 wt.% particle density. This decrease in lifetime,
by nearly an order of magnitude, likely results from a high degree of e’ /h* pair recombi-
nation in the DSSC photoanodes. This recombination process dominates and supersedes

any charge injection processes from the metal into the TiO,. The increase in recombination
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Figure 6.12: (a) Decay kinetics at 530 nm from transient absorption spectra of 0.44 wt.%
Au/Ag NSs in TiO; and sensitized with N719 dye. Au/Ag NCs coated in 5 nm of SiO,
and 30 nm SiO, are compared. Experimental data has been fit with a biexponential decay

function, shown by the solid lines in part (a). Derived amplitudes (A) and time constants
(7) and calculated average lifetimes obtained from biexponential fits are listed in (b).
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is attributed to the excess insulating silica that is now present in the photoanodes, which
is both optically (plasmon damping, near-field decay) and electronically (recombination)
detrimental. We note that the system we are studying here is highly complex and several
competing processes are likely occurring, such as exciton recombination, energy transport
between adjacent nanostructures, PRET from metal to TiO,, etc. A more thorough and sys-
tematic study, including silica layer thickness dependence, would be necessary to decouple

the effects and make definite conclusions.

6.4 Conclusions

In summary, we investigated the impact of shape- and composition-controlled Au/Ag/Si0;
core/shell/shell bimetallic nanostructures on the device performance and electron dynamics
of DSSCs. The best performing plasmon-enhanced DSSCs resulted in 7.51% PCE relative
to 5.97% for reference DSSCs, giving rise to ~26% enhancement. By varying the parti-
cle density, a systematic dependence of device performance on nanostructure concentra-
tion was observed. Maximum enhancement was achieved at 0.44 wt.% Au/Ag/SiO; NSs,
which is substantially less than previously studied DSSCs integrated with monometallic
nanostructures and poorly controlled shapes. Enhanced device performance was attributed
to increased light harvesting enabled by the intense near-field interactions of nanostructures
with N719, far-field coupling of scattered light into the active layer, and PRET from nanos-
tructures to TiO,. Transient absorption spectroscopy studies demonstrated a decrease in
amplitude weighted lifetimes with increasing particle density, showing strong evidence of
PRET. Further, unlike the unoptimized plasmonic devices (0.22 wt.%, 0.95 wt.%), which
only impact the slow time constants, plasmonic DSSCs with optimized particle density of
Au/Ag/SiO, NSs (0.44 wt.%) alter both the fast and slow lifetimes. We attributed this
to strong metal-molecule interaction that likely populates the singlet metal ligand charge
transfer states of the excited dye, augmenting e”/h™ pair generation and rapid charge trans-

fer into TiO,. We anticipate morphology-controlled bimetallic nanostructures can be ulti-
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mately tailored, tuned, and targeted toward a range of optical and optoelectronic technolo-

gies beyond DSSCs.

6.5 Methods

Au Nanocrystal Synthesis: Au nanocrystals (Au NCs) were synthesized by modifying

a procedure previously described.[80] All reagents were purchased from Sigma-Aldrich.
Au seeds were prepared by adding 0.6 mL of freshly prepared and ice cold 10 mM NaBHy
to an aqueous solution composed of 7.5 mL of 100 mM CTAB, 2.75 mL milli-Q H,O (18.2
MQ), and 0.8 mL of 10 mM HAuCly. This solution was stirred vigorously for 1 minute and
then transferred to a 35 °C water bath where it was left undisturbed for one hour. A growth
solution was prepared by adding 6.4 mL of 100 mM CTAB, 0.8 mL of 10 mM HAuCly, and
3.8 mL of 100 mM ascorbic acid sequentially to 32 mL of milli-Q H,O. The seed solution
was diluted by a factor of ten with milli-Q H,O. Then 20 uL of diluted seed solution was
added to the growth solution, mixed gently by inversion, and then left undisturbed at 35 °C
for 5 hours.

Au/Ag Nanostructure Synthesis: Au/Ag nanostructures (Au/Ag NSs) were synthesized

by following our previously published procedure.[41] First, 5 mLs of the Au NC suspen-
sion synthesized above was centrifuged at 1100 RCF for 15 minutes (x3) and washed and
soaked in 20 mM cetyltrimethylammonium chloride (CTAC) for 15 minutes. The nanocrys-
tals were then re-dispersed in 333 uL of milli-Q H,O for use as precursor solution for Ag
growth. Typically, 200 uL of precursor solution and 50 uL of 10 mM KBr were added to
5 mL of 20 mM CTAC and heated in a 65 °C water bath for 10 minutes before adding in
50 mL of 10 uM AgNOj3 and 150 uL of 100 mM ascorbic acid. The solution was mixed
gently by inversion and left undisturbed at 65 °C for two hours.

Silica Coating Au/Ag nanostructures (Au/Ag/SiO; NSs): Au/Ag nanostructures were

coated with a thin layer of silica (3-5 nm) by modifying a procedure previously described.[81]

30 mL of as-prepared Au/Ag NSs were first functionalized with 400 uL of 1 mM 3-
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aminopropyltrimethoxysilane (APTMS) for 15 minutes at room temperature while stirring.
A 0.54 wt.% solution of sodium silicate was adjusted to pH ~10.2 with 5 N HCI followed
by injecting 500 uL into the APTMS functionalized Au nanocubes. The reaction mixture
was stirred for 3 minutes at room temperature and then transferred to a 50 °C oil bath and
stirred for 4 hours to form the silica shell.

Electrode Preparation: Electrodes were prepared on fluorine-doped tin oxide coated on

glass (FTO, MTI Corp.), that were first cleaned by sonication in a bath of 2% by volume
Hellmanex in water and 50/50 acetone/isopropanol for 30 minutes each. They were then
plasma treated for 20 minutes immediately before use. Cleaned FTO glass slides were
treated with 40 mM TiCly in H,O for 30 min at 70 °C, rinsed with H,O and EtOH, and
dried with nitrogen. They were then fired in air at 500 °C for 15 minutes. Reference TiO,
anodes were prepared by doctor-blading a ~10 um layer of a 20 nm TiO, paste (Dyesol
Inc., MS002010) onto the surface of the FTO using 1 layer of Scotch® tape to control the
thickness, and then fired in air at 500 °C. Plasmon-enhanced anodes were prepared by first
adding a washed and concentrated solution of Au/Ag/SiO; nanostructures directly into the
20 nm TiO, paste and mixing until homogeneous. The nanostructure-incorporated paste
was then deposited via the doctor blade technique and fired as above. All anodes received
a 40 mM TiCly post-treatment for 30 mins at 70 °C, were rinsed with H,O and EtOH, and
were then fired in air for 15 minutes at 500 °C. Finally, anodes were immersed in 0.6 mM
Di-tetrabutylammonium cis-bis(isothiocyanato) bis(2,2-bipyridyl-4,4dicarboxylato) ruthe-
nium(IT) (N719 dye Sigma, 703206) in ethanol overnight inside a N, glove box. Platinum
cathodes were prepared by drilling two holes into the FTO glass prior to cleaning. A 25
mM H;PtClg in isopropanol solution was brushed onto clean FTO glass substrates and then
fired at 450 °C for one hour.

DSSC Fabrication: The cathode and anode were heat-sealed with a ring of 50 um

thick, low temperature thermoplastic sealant (Dyesol, 7622A41). They were filled with

an I'/I3” based electrolyte comprised of 50 mM I, 100 mM Lil, 600 mM 1-hexyl-2,3-
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dimethylimadizolium iodide, and 500 mM tertbuylpyridine (TBP) in acetonitrile by injec-
tion through holes in the Pt electrode. Holes were then closed with additional sealant.

Characterization: A Varian Cary 5000 UV-vis NIR spectrophotometer was used to mea-

sure the extinction of the Au/Ag NSs as well as the absorption of the TiO, thin film elec-
trodes. The nanostructures were characterized using an Osiris TEM at 200 keV. Charac-
terization of power conversion performance of the DSSCs was conducted with a Newport
solar simulator and a Metrohm potentiostat. Each cell received 1 sun (100 mW/cm?) of
power from the solar simulator at AM 1.5 and was tested in a range from -1.0 to 1.0 V at
a scan rate of 50 mV/s. A cell area of 0.12 cm? was illuminated using a shadow mask.
Incident photon conversion efficiency (IPCE) measurements were conducted with a 6 W
Fianium fiber laser supercontinuum source coupled with a Fianium acousto-optic tunable
filter to filter out the desired excitation wavelength from the white light source.

Ultrafast Pump-Probe spectroscopy: Femtosecond transient absorption measurements

are conducted using a home-built pump-probe setup based on a femtosecond laser system,
that utilizes seed pulses from a titanium sapphire oscillator (Micra, Coherent), amplified
by a Ti:Sapphire amplifier (Legend USP-HE, Coherent) to provide 800 nm femtosecond
pulses (2.5 mJ/pulse), operating at 1 kHz repetition rate with 40 fs pulse durations. The
Legend amplifier is pumped by a Nd:YLF laser (Evolution-30, Coherent). A small portion
of the output of the amplifier (~4 uJ/pulse) is focused on a sapphire window (2 mm thick)
to generate a white light continuum (WLC) probe (450-900 nm). To minimize temporal
chirp in the spectrally broad probe, a set of parabolic mirrors is used to collimate and focus
the WLC on the sample. The transmitted probe is focused onto 100 um core fiber coupled
with a spectrometer/CCD (USB2000ES, Ocean Optics). The pump pulse at 400 nm is
generated by doubling ~50 uJ/pulse of the 800 nm fundamental in a BBO crystal. The
pump beam passes through a delay line to allow control of time-delay between the pump
and the probe. In order to measure absorbance changes between every two successive laser

shots, the pump beam was chopped at a frequency of 500 Hz. At the sample, the spot sizes
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of the pump and probe pulses were 100 um and 50 pm, respectively. The pump fluence at
the sample was ~ 5 pJ/cm?.

Simulation Protocol: Finite difference time domain (FDTD) simulations were run with

Lumerical FDTD Solutions. Calculations were performed on a single particle in water
using a total-field scattered-field (TFSF) plane wave source. The simulated rounded edge
Au nanocube has a 45 nm edge length with a forward injection of the TFSF source along
the y-axis. The simulated Au/Ag nanocube has a 45 nm rounded edge Au core and a 10 nm
thick Ag shell, with a forward injection of the TFSF source along the y-axis. The simulated
nanopyramid has a 60 nm edge length for the Au core, and a 20 nm thick Ag shell, with
a forward injection of the TFSF source along the x-axis. The simulated nanosphere has
a 60 nm diameter on the Au core with a 10 nm thick Ag shell, with a forward injection
of the TFSF source along the y-axis. All simulations used perfectly matched layer (PML)

boundary conditions.
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CHAPTER 7

ULTRAFAST CARRIER DYNAMICS IN BIMETALLIC
NANOSTRUCTURES-ENHANCED METHYLAMMONIUM LEAD BROMIDE
PEROVSKITES

Adapted from H. F. Zarick, A. Boulesbaa, A. A. Puretzky, E. M. Talbert, Z. R. DeBra, N.
Soetan, D. B. Geohegan, and R. Bardhan, Nanoscale, 2017, 9, 1475 with permission from

the Royal Society of Chemistry.

7.1  Summary

In this chapter, we examine the impact of hybrid bimetallic Au/Ag core/shell nanos-
tructures on the carrier dynamics of methylammonium lead tribromide (MAPbBr3) meso-
porous perovskite solar cells (PSCs). Plasmon-enhanced PSCs incorporated with Au/Ag
nanostructures demonstrated improved light harvesting and increased power conversion
efficiency by 26% relative to reference devices. Two complementary spectral techniques,
transient absorption spectroscopy (TAS) and time-resolved photoluminescence (trPL), were
employed to gain a mechanistic understanding of plasmonic enhancement processes. TAS
revealed a decrease in the photobleach formation time, which suggests that the nanostruc-
tures improve hot carrier thermalization to an equilibrium distribution, relieving hot phonon
bottleneck in MAPbBr3 perovskites. TAS also showed a decrease in carrier decay lifetimes,
indicating that nanostructures enhance photoinduced carrier generation and promote effi-
cient electron injection into TiO; prior to bulk recombination. Furthermore, nanostructure-
incorporated perovskite films demonstrated quenching in steady-state PL and decreases in
trPL carrier lifetimes, providing further evidence of improved carrier injection in plasmon-

enhanced mesoporous PSCs.
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7.2 Introduction

An unprecedented rise in efficiency has been observed in methylammonium lead tri-
halide (MAPbX3, X =1, Cl, Br) perovskite solar cells (PSCs) from 3.8% in 2009 to >20%
in early 2016.[1, 2, 3, 4, 5] The inexpensive materials and low cost of solution-based
processing[6] make this class of perovskites amenable to scalable manufacturing and has
the potential to be a serious contender for utility-scale solar power. MAPbI3-based PSCs
have been a primary focus due to their near-complete visible light absorption in films <1
um and their fast charge extraction rates.[7, 8] However, the poor stability of MAPbI; and
rapid degradation in humidity has remained a major obstacle for commercialization,[9, 10]
necessitating complex encapsulation techniques.[11] MAPbBr3 is a promising alternative
to MAPDI; with a large 2.2 eV bandgap, which gives rise to a high open circuit voltage
(Voe) ~1.2-1.5 V)[12, 13] and makes it an ideal material for tandem devices. Their long
exciton diffusion length (>1.2 um) enables good charge transport in devices.[14] In ad-
dition, MAPbBr3; demonstrates higher stability towards air and moisture due to its stable
cubic phase and low ionic mobility relative to the pseudocubic MAPDbI3, in which inherent
lattice strain provides an avenue for increased diffusion.[11, 14, 15, 16] However, a rel-
atively large exciton binding energy, Ep, (76 meV) and poor light absorption beyond its
band edge at 550 nm has limited the efficiencies for MAPbBrj3 solar cells.[11, 15, 17, 18]

Metal nanostructures provide an effective route to improve light harvesting in solar
cells, enhance optical absorption, and increase carrier generation, resulting in higher efficiency.[19]
The localized surface plasmon resonances (LSPRs) supported by metal nanostructures si-
multaneously give rise to intense electromagnetic near-fields and light scattering in the far
fields,[20] which have been harnessed to enhance the performance of both planar[21, 22,
23] and mesoporous solar cells.[24, 25, 26, 27, 28] Recent work on plasmon-enhanced
PSCs has suggested that in addition to improved scattering and near field coupling, metal
nanostructures also reduce the exciton binding energy (£p) and enable better charge separation.[29,

30, 31, 32] Highly polarizable metal nanostructures have also been shown to favor radiative
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decay processes, increasing the optical path length of incident photons by the reabsorp-
tion of emitted radiation within the perovskite absorber layer.[33] Additionally, by con-
trolling the position and polarization of metal nanostructures, the resulting LSPR modes
can couple with the perovskite and give rise to strong light-matter interactions at the met-
al/perovskite interface.[34] In the previous chapter, we demonstrated the use of bimetallic
gold/silver core/shell nanostructures (Au/Ag NSs) for enhancing the performance of or-
ganic photovoltaics[23] as well as dye-sensitized solar cells.[24] Here we investigate the
interactions of Au/Ag NSs with MAPbBr3 perovskites in the mesoporous device archi-
tecture. The engineered shape and controlled composition of the Au/Ag NSs gives rise
to panchromatic light absorption, and their sharp edges and corners result in intense elec-
tric fields attributable to the quasistatic lightning-rod effect.[35, 36, 37, 38] These spectral
characteristics of Au/Ag NSs result in broadband light absorption above the band edge of
MAPbBBr3, a phenomenon useful for device performance. We integrated Au/Ag NSs within
the mesoporous TiO, layer of MAPbBr3; PSCs, examined the device performance, and cor-
related these trends with the carrier dynamics of MAPbBr3 with both transient absorption
spectroscopy (TAS) and time-resolved photoluminescence (trPL). Our results demonstrate
that carrier lifetimes significantly decrease for both TAS and trPL in the presence of the
bimetallic nanostructures. The enhancements observed in the presence of Au/Ag NSs in
both photocurrent and incident photon to charge conversion efficiency (IPCE) of MAPbBr3
PSCs correlate well with the decrease in carrier lifetimes. We attributed these effects in car-
rier dynamics to enhanced photoinduced charge generation and rapid electron injection into
TiO; in the presence of the plasmonic nanostructures, as well as reduced recombination and

improvement in hot carrier thermalization in the perovskite.

7.3 Results and Discussion

The MAPbBr; PSCs were fabricated by infiltrating the perovskite within a ~500 nm

mesoporous titania (mp-TiO;) layer following a modified two-step sequential deposition
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process (see Methods for details).[39] The mp-TiO;, provides an ideal scaffold for per-
ovskite crystal growth and for embedding the bimetallic nanostructures, and provides a
pathway for selective charge collection.[40, 41] The incorporated Au/Ag NSs were synthe-
sized following a seed-mediated growth method described in our previous work.[42] The
NSs were coated with a conformal ~5 nm layer of silica (silica-coated Au/Ag NSs, Fig-
ure 7.1c), then homogeneously mixed throughout the mesoporous TiO; layer (Figure 7.1a)
allowing close proximity of the NSs to the MAPbBrscrystals to enable plasmonic enhance-
ment. The silica minimizes charge recombination at the perovskite/nanoparticle interface
by prohibiting direct conduction of plasmon electrons into the perovskite. It also pre-
vents Ostwald ripening during the high temperature TiO, annealing processes, and avoids
degradation of the NSs by the halide ions in the perovskite.[24, 25, 33] The color-enhanced
cross-sectional SEM image shown in Figure 7.1b depicts the relative morphology and layer
thicknesses of the MAPbBr3 PSCs. The representative TEM images of Au/Ag NSs shown
in Figure 7.1c (silica-coated) illustrate the two distinct geometries that form during syn-
thesis, nanocubes and nanopyramids, with distinct plasmon resonances centered at 540 nm
and 615 nm correlating with the two geometries, respectively (Figure 7.1d). The two ab-
sorbance peaks of the mixed NSs promote light scattering above the bandgap of MAPbBr3
as well as provide complementary broadband absorption spanning the entire visible spec-
trum.

The light harvesting ability of the Au/Ag NSs within the MAPbBr3; PSCs was probed by
comparing the absorbances of reference, MAPbBr3-sensitized TiO, films without nanos-
tructures, to TiO,/MAPbBr; mesoporous films containing two different densities of silica-
coated Au/Ag NSs, 0.5 wt.% and 1.0 wt.% (Figure 7.2a). An increase in absorbance
was observed with the increasing nanostructure density in the 410-540 nm spectral range
where the plasmon resonances of the bimetallic nanostructures overlap with the absorp-
tion of the MAPbBr3 perovskite. This indicates enhanced radiative light trapping in the

photoactive layer as a result of the Au/Ag NSs. While changes in absorbance above
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Figure 7.1: (a) Schematic representation of a MAPbBr3 perovskite solar cell integrated
with bimetallic Au/Ag nanostructures. The nanostructures are not shown to scale in the
mesoporous TiO; layer. A cross-sectional SEM image of a representative reference device
with an Au counter electrode (CE) is shown in (b). Coloring of the layers has been added
for clarity. (c) TEM image of the bimetallic nanostructures coated with a conformal ~5
nm layer of silica. The normalized absorption spectrum of MAPbBr3-sensitized TiO; films
compared to the normalized extinction spectrum of the Au/Ag NSs is shown in (d); spectra
are normalized to the peaks at 530 and 535 nm, respectively.
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550 nm are subtle, detailed analysis of relative absorbance enhancement (Figure 7.3a)
demonstrates that Au/Ag NSs promote broadband light absorption complementary to where
MAPbBr3absorbs light. The absorption enhancement we observed experimentally in our
work is comparable to the theoretical enhancements predicted for perovskite active layers
embedded with plasmonic metal nanoparticles.[43] However enhancement in solar cells
is driven by several different factors that collectively determine the external quantum ef-
ficiency and ultimately influences the total power conversion efficiency. These include
the photon absorption efficiency (7n,,s) which is the ratio of absorbed light to incident
light, the exciton dissociation efficiency (1y4;5) Which is the ratio of photoexcited exci-
tons that are converted to free carriers, the charge carrier transport efficiency (7.;) which
is the ratio of the generated free carriers that reach the electrode prior to recombination,
and charge collection efficiency (1.,;;), the ratio of carriers that are collected after the final
interface between the active layer and the electrodes.[23] The contribution from each of
these factors was examined by evaluating the device efficiencies. We investigated the de-
vice performance of the PSCs by comparing the power conversion efficiencies (PCE’s) of
full reference MAPbBr; PSCs with the plasmon-enhanced devices containing both 0.5 and
1.0 wt.% silica-coated Au/Ag NSs (Figure 7.2b). Average values and standard deviation
for PCE were calculated from ~10 devices for each reference, 0.5 wt.% Au/Ag, and 1.0
wt.% Au/Ag-incorporated devices. A steady increase in PCE is observed for both 0.5 and
1.0 wt.% silica-coated Au/Ag NS incorporations, with the best PCEs measured at 4.5%
and 4.9% respectively, compared to the reference devices of 3.9% efficiency. The device
parameters, Figure 7.4, show that the measured 26% increase in efficiency with Au/Ag
nanostructures is not only attributed to an increase in the short circuit current density, Jy,
correlated with 1., and 1y, but also the fill factor (FF) and open circuit voltage (V)
correlated with 1., and 1., This suggests that the nanostructures improve light harvest-
ing in the devices, as well as increase charge transfer and reduce carrier recombination.

However further improvements in Mgps, Naisss Ner» and Mo collectively could potentially
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Figure 7.2: (a) Optical absorption spectra of mesoporous TiO, infiltrated with MAPbBr3
and integrated with varying concentrations of silica-coated Au/Ag nanostructures. (b) The
best and average power conversion efficiencies of devices as a function of varying concen-
trations of Au/Ag nanostructures (wf.%). Error was calculated from standard deviations of
~10 devices tested at each concentration. (¢) IPCE of the same devices as a function of
excitation wavelength.

result in higher overall efficiencies in both reference and plasmonic devices.

While several studies have focused on plasmonic enhancement of PSCs,[29, 30, 32,
33, 44, 45, 46, 47] the carrier dynamics in metal nanostructure-incorporated PSCs remain
poorly understood. Here we have employed a combination of TAS and trPL to understand
the carrier dynamics in MAPbBrj reference films (non-enhanced) and investigate the im-
pact on the exciton generation and charge recombination in MAPbBr3; in the presence of
Au/Ag NSs. TAS studies were performed on films of MAPbBr3-infiltrated in the mp-TiO,
layer with a compact-TiO, electron acceptor layer (without SpiroMeOTAD). The samples
were pumped at 400 nm to fill the perovskite conduction band, and the resulting absorption
dynamics were probed with a white light continuum from 450 to 600 nm. The TA spectra of
mp-TiO,/MAPDbBr3 (Figure 7.5a) show a ground state bleaching signal at 530 nm near the
band edge of MAPbBr3; as the valence band electrons are excited to the conduction band
by the pump pulse.[48] A weak photoinduced absorption (PIA) signal at 490 nm is also
observed, which is a result of stimulated absorption above the saturated conduction band
states.[49] Our TA evolutionary spectra are in good agreement with those reported in the
literature for MAPbBr3.[50, 51] The normalized decay of the PIA band at 490 nm (Figure

7.5b) and dynamics of the photobleach (PB) at 530 nm (Figure 7.5¢) were fit with a triex-
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Figure 7.4: Average and best (a) open-circuit voltage, (b) fill factor, (c) short circuit current
density, and (d) power conversion efficiency values for devices as a function of Au/Ag
nanostructure particle density (w¢.%). Error calculated from standard deviations calculated
over a range of ~10 devices tested at each concentration.
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Figure 7.5: (a) Transient absorption spectra at various time delays of a mesoporous TiO,
film infiltrated with MAPbBr3. Decay kinetics at 490 nm and 530 nm are shown in (b) and
(c), respectively, with the experimental data (symbols) fitted with a triexponential decay
function (smooth lines). Early time scales are plotted linearly; later time scales (>10 ps)
plotted on a base-10 logarithmic scale.

Table 7.1: Amplitudes (A), time constants (7), and amplitude-weighted lifetimes (7,¢)
derived from triexponential fits of the transient absorption for the different samples at the
photobleach band located at 530 nm

Sample g [ps] A 71 [ps] A T [ps] | Tuvg [PS]
MAPbBTr; 0.20+0.02 | -0.23+£0.06 | 57+16 | -0.76+0.06 | 312421 | 253
0.5 wr.% Au/Ag | 0.09£0.03 | -0.29+0.06 | 39+10 | -0.64+£0.07 | 225420 | 167
1.0 w.% Au/Ag | 0.15+0.01 | -0.44+0.01 | 25+2 | -0.55+0.01 | 168+6 104

ponential function yielding both a fast (77) and a slow (7;) decay component as well as an
initial rise time (7g) related to PIA/PB band formation. The amplitudes (A), time constants
(7), and amplitude-weighted carrier lifetimes derived from the fits are listed in Table 7.1
(530 nm PB dynamics) and Table 7.2 (490 nm PIA dynamics). The bleach formation kinet-
ics in MAPDbBr3 result from the relaxation of hot electron-hole pairs from the high excited
states to quasi-thermal equilibrium states, which gives rise to state-filling of the conduction
band, a phenomenon contributed by longitudinal optical phonon scattering.[51, 52] The de-
cay kinetics result from the relaxation of the conduction band population by recombination
and charge transfer to TiO,. Here 7; is attributed to phonon scattering and trap-assisted
recombination, and 7; is contributed by electron injection into the TiO,.[8, 51]
To understand the effect of plasmonic nanostructures on the carrier dynamics of MAPbBr3-

infiltrated mp-TiO, films, the TA evolutionary spectra were recorded with 0.5 wt.% and 1.0
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wt.% Au/Ag NSs (Figure 7.6a and b). Whereas the peak positions of the PB state of the
Au/Ag NS-incorporated samples are comparable to that of the reference (Figure 7.5), the
bandwidth of the PB increases with the increasing particle density of NSs. The broaden-
ing of the PB state may be attributed to a more rapid band filling in the nanostructure-
incorporated films relative to the reference films. Sharma er al. observed a similar phe-
nomenon in MAPbBrj thin films with increasing pump energy fluence as higher carrier
densities result in a saturation of conduction band levels near the bandgap.[50] This is also
supported in our data from the decreasing maximum bleach amplitude with the increasing
particle density (Figure 7.5a and 7.6a,b), as more rapid thermalization would lead to less
optimization of energy states. It is also possible, however, that the broadening may be
attributed to the formation of trap states. In the TA spectra of perovskites, trap states are
characterized by a weak bleach absorption with a broad distribution that decays red-shifted,
or below the energy, of the optical band gap of the perovskite.[53] These traps states have
longer decay times than the PB state and are populated by the relaxation of hot carriers
and can result in the blocking of weakly allowed transitions during excitation.[54] While
the weak sub-bandgap bleach of the 1.0 wr.% sample identifies some trap-state filling, the
peak broadening more strongly indicates an increased rate of electron-phonon coupling.
The enhanced PCE of devices (Figure 7.2) at these concentrations supports this hypothesis
as the collection of free carriers is enhanced. Trapped excitons have higher exciton bind-
ing energies Ep,[54] decreasing the probability of exciton dissociation and increasing the
probability of recombination, manifesting as decreased efficiency in the solar cells. Since
plasmonic nanoparticles have been reported to lower the Ep (or induce resonant energy
transfer to enable exciton dissociation),[30, 31, 32] the observed increases in photocurrent
for plasmon-enhanced PSCs likely stem from a combination of electromagnetic effects and
reduced Ep.

The recoveries of the PB at 530 nm were normalized and fit with a triexponential decay

function for all samples (Figure 7.6d); the amplitudes and lifetimes derived from the fits
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Figure 7.6: Transient absorption spectra at various time delays of mesoporous
TiO,/MAPbBr3 and those containing 0.5 wt.% (a) and 1.0 wt.% (b) of silica-coated Au/Ag
NSs. Normalized TA spectra at the maximum bleach peak (~1 ps time delay) comparing
the reference and the Au/Ag NS-enhanced samples are shown in (c). (d) Decay kinetics at
530 nm for the reference and Au/Ag NS-incorporated samples. Decay kinetics are shown
with the experimental data (symbols) fitted with a triexponential decay function (smooth
lines). Early time scales are plotted linearly; later time scales (>10 ps) plotted on a base-10
logarithmic scale.
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Table 7.2: Amplitudes (A), time constants (7), and amplitude weighted lifetimes (7,¢)
derived from biexponential fits of the transient absorption for the different samples at the
photoinduced absorption band located at 490 nm.

Sample Ar | tilps] | A2 | ©2[ps] | Tavg [PS]
MAPbBr3 0.20 | 77.20 | 0.78 | 294.45 | 249.25
0.5 wr.% Au/Ag/SiO, | 0.28 | 97.54 | 0.67 | 228.02 | 189.47
1.0 wr.% Au/Ag/SiO, | 0.76 | 75.33 [ 0.23 | 513.13 | 176.61

are shown in Table 7.1. The amplitudes and lifetimes derived from fitting of the carrier dy-
namics at 490 nm are provided in Table 7.2. We first compared the bleach formation time,
Tg, between the reference and the plasmon-enhanced samples, which has been attributed
to the thermalization of hot carriers after photoexcitation.[55, 56] During thermalization in
MAPDBBr3, optical hot phonons are generated by the coupling of phonons with hot electrons
that subsequently slows the cooling of carriers and increases the 7g.[51] In MAPDbI; sys-
tems, this phenomenon has been termed the hot phonon bottleneck effect.[57, 58] As seen
in Table 7.1, both plasmon-enhanced samples, containing 0.5 and 1.0 wt.% silica-coated
Au/Ag NSs, exhibit faster thermalization times compared to the reference MAPbBr3. This
faster 1 lifetime likely results from plasmon-phonon coupling between the nanostructures
and the perovskite which limits the coupling of phonons with hot electrons and relieves the
hot phonon bottleneck. Plasmon-phonon coupling has been studied extensively in various
metal-semiconductor systems.[59, 60, 61, 62, 63] In our nanostructure/MAPbBr; system,
relief of this hot phonon bottleneck should also aid in phonon propagation within the ac-
tive layer, reflected as a decrease in the longer (1) calculated lifetimes (Table 7.1). It is
noteworthy that relative to the reference MAPbBr3 (0.2 ps), the Tg of 0.5 wt.% Au/Ag NSs
(0.09 ps) is more reduced than that of the 7z of 1.0 wt.% Au/Ag NSs (0.15 ps). This indi-
cates that plasmon-phonon coupling is very sensitive to the nanostructure density; at a 1.0
wt.% concentration, the sample may have a higher degree of particle aggregation where
interparticle coupling likely supersedes plasmon-phonon coupling and results in less relief

of the phonon bottleneck.
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The amplitude-weighted lifetimes, 7,,,, of the PB recovery kinetics at 530 nm signifi-
cantly decrease with the increasing particle density, from 253 ps for the reference MAPbBr3
to 167 ps and 104 ps for the 0.5 wr.% and 1.0 wt.% Au/Ag NSs. A systematic decrease
in 7] and 7, is observed as well. This suggests that the bimetallic nanostructures amplify
light trapping in the MAPbBr3 active layer of PSCs, by both near field coupling of the
nanostructures with MAPbBr3; as well as far field coupling of scattered light into the ac-
tive layer.[64, 65, 66, 67, 68] The perovskite crystals are exposed to an increased photon
flux generated by the intense near fields localized at the sharp edges and corners of vici-
nal Au/Ag NSs, giving rise to higher carrier densities. The elevated carrier densities are
expected to weaken trap-assisted recombination, specifically when the density of charge
carriers far exceeds that of the trap states, resulting in shorter carrier lifetimes.[69] Further
the ideal size of these bimetallic nanostructures and the presence of the Ag layer amplify
their ability to scatter light, facilitating enhanced light harvesting and the light is reemitted
by the MAPbBr3 active layer, which improves the optical path length. The enhanced light
trapping, in conjunction with improved phonon propagation from relief of the hot phonon
bottleneck via plasmon-phonon coupling, enhance the number of free carries generated,
which results in more electrons being available to efficiently transfer to the TiO, conduc-
tion band. This implies that the presence of metal nanostructures leads to faster electron
injection into TiO;, suppressing the recombination in the bulk and resulting in a shorter
carrier lifetime as reflected in the TAS results.

To further understand the role of Au/Ag NSs on the carrier dynamics of the MAPbBr3
films, we supplemented our proposed mechanisms by measuring the steady-state PL. and
trPL of the reference and plasmon-enhanced films. The MAPbBr; reference films exhibited
a narrow photoluminescence peak centered around the bandgap (Figure 7.7a) of MAPbBr3
analogous to that demonstrated in the literature.[70, 71] In the presence of the nanostruc-
tures, a significant reduction in the PL intensity is observed; where the PL is quenched

by ~32% and ~65% with 0.5 wt.% and 1.0 wt.% silica-coated Au/Ag NSs, respectively.
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Table 7.3: Amplitudes (A), time constants (7), and amplitude-weighted lifetimes (7,¢)
derived from biexponential fits of trPL transients of each sample.

Sample Ay 71 [ns] Aj T, [ns] Tavg [NS]
MAPDBr; 0.5740.01 | 1.184+0.02 | 0.440.01 | 5.25+0.05 2.84
0.5 wt.% Au/Ag | 0.49+0.00 | 0.31£0.01 | 0.64+0.00 | 2.054+0.01 1.30
1.0 wt.% Au/Ag | 0.77+£0.04 | 0.21+£0.01 | 0.27+0.03 | 0.79+0.2 0.36

This quenching in steady-state PL indicates that non-radiative decay pathways are favored
with the increasing nanostructure density, which decreases exciton decay by recombination
and suppression of PL.[33, 72] Our result suggests that the presence of the nanostructures
promotes more efficient charge carrier extraction at MAPbBr; and mp-TiO, interfaces,
attributable to the intense electric fields generated by the nanostructures.[29, 73] Further-
more, the enhanced non-radiative decay pathways in the presence of the nanostructures
also facilitate below band gap energy transfer into the nearby semiconductor, specifically
plasmon resonant energy transfer (PRET). PRET, which has been extensively studied in a
range of solar energy conversion systems,[19] occurs when the energy localized in plas-
mon oscillations around the nanostructure is transferred to surrounding semiconductor and
induces charge separation and carrier generation.[19, 74, 75] PRET does not involve direct
electron injection into the semiconductor and is not limited by band alignment or the pres-
ence of thin insulating interlayers; therefore the quenching in steady-state PL may reflect
resonant energy transfer from the dipole-dipole relaxation of excited plasmons in the nanos-
tructures into both the mp-TiO,and MAPbBr3; crystals. In addition to PRET, hot electron
transfer (HET) is another non-radiative enhancement mechanism that occurs when plas-
mons decay via energetic relaxation and create hot electron/hole pairs.[76, 77] These hot
electrons can gain enough energy to overcome the Schottky barrier at metal/semiconductor
interfaces and inject directly into the semiconductor conduction band.[19] However, we do
not anticipate any HET in our system due to the presence of ~5 nm silica insulating layer
coating the nanostructures (Figure 7.1c); since the electron tunneling barrier of silica is <3

nm,[78, 79, 80] this will prohibit HET from the nanostructures to the perovskite.
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Figure 7.7: (a) Steady-state photoluminescence spectra of mesoporous TiO; films infil-
trated with MAPbBr3 and different concentrations of silica-coated Au/Ag NSs. (b) The
corresponding photoluminescence decay plots of the same samples with 400 nm excitation.
Experimental data in (b) are denoted by symbols and have been fitted with a biexponential
decay function (black lines).

The trends in steady-state PL follow the PL decay observed with room temperature
trPL measurements of the reference MAPbBr3 and nanostructure-incorporated films (Fig-
ure 7.7b). Carrier lifetimes, shown in Table 7.3, were obtained by fitting the experimental
data with a biexponential decay function. The average PL lifetime, 7,,,, of the reference
films decreased from 2.84 ns to 1.3 ns for the 0.5 wt.% Au/Ag NSs and 0.36 ns for the
1.0 wt.% Au/Ag. The reduced PL lifetimes correspond well with the quenching in steady-
state PL. of MAPbBr3 in the presence of bimetallic nanostructures, which supports our
earlier hypothesis of rapid charge transfer and reduced recombination at the plasmon/per-
ovskite interface, enhancing carrier extraction from the MAPbBr3 to TiO,. Furthermore,
plasmonic nanostructures also decrease the exciton binding energy (Ep) of perovskites; in
our system the reduced Ep of MAPbBr3; by bimetallic nanostructures would also manifest
as suppressed PL if charge transfer is promoted into the mp-TiO; prior to exciton recom-
bination in the bulk. While the exact mechanism that decreases the Ep of perovskites in
the presence of plasmonic nanostructures is not fully understood, it opens up an exciting

avenue for MAPbBr3-based devices, whose enhanced environmental stability relative to
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MAPDI; is offset in part by its higher Ep. Overall, quenching of the steady-state PL. and
decreases in trPL carrier lifetimes translate well to the increased efficiencies observed for

the nanostructure-incorporated PSCs (Figure 7.2 and 7.4).[44]

7.4 Conclusions

In summary, we boosted the efficiency of MAPbBr3;-based PSCs by incorporating silica-
coated Au/Ag bimetallic nanostructures into the mesoporous TiO; active layer. The in-
creased light harvesting in the devices as determined by absorbance and IPCE measure-
ments in conjunction with improvements in Jy., V., and FF for plasmon-enhanced sam-
ples demonstrate strong coupling between Au/Ag NSs and the MAPbBr3-inflitrated TiO,
active layer. Our results indicate enhanced carrier generation with decreased recombina-
tion in the perovskite in the presence of the nanostructures. The decreased carrier lifetimes
obtained from both TAS and trPL measurements and the quenching observed in ssPL fur-
ther support our hypothesis. Lifetimes obtained from photobleach formation and recovery
in transient absorption spectra suggest that the presence of the nanostructures coupled with
the MAPbBr; improves the hot carrier thermalization to an equilibrium distribution via
plasmon-phonon coupling. Decreases in lifetimes correlating with electron injection sug-
gest that the presence of Au/Ag NS enhances photoinduced carrier generation as a result
of both strong near field and far field coupling of light, promoting efficient electron injec-
tion into TiO;prior to bulk recombination. Quenching of steady state PL. and decreases
in carrier lifetimes obtained from trPL, attributed in part to PRET effects and reduction in
Ep, provide further evidence to the improved carrier injection in plasmon-enhanced meso-
porous perovskites. We envision that these bimetallic nanostructures can be straightfor-
wardly translated to other perovskite systems to enhance the efficiencies not only of solar

devices, but also of photodetectors and lasers.
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7.5 Methods

All reagents were purchased from Sigma Aldrich unless otherwise specified and were
used as received without further purification. All the H,O used for substrate preparation
and nanostructure synthesis was ultrapure H,O (18.2 MQ) obtained from a Milli-Q Direct-
Q 3UV system. All work done under an inert atmosphere was conducted in a nitrogen filled
MBraun LabStar glovebox (<0.5 ppm O5).

Au/Ag Nanostructure Synthesis: Au/Ag nanostructures were synthesized following a

procedure described in our previous work.[42] Au nanocube cores were prepared following
a seed-mediated growth method in which Au seeds were formed by adding 600 uL of ice
cold, freshly prepared 10 mM NaBHjy to a solution containing 7.5 mL of 100 mM CTAB,
2.75 mL H,0, and 0.8 mL of 10 mM HAuCly. The solution was stirred vigorously for 1
minute before being transferred to a 35 °C water bath where it was left to stay for one hour.
The seeds were then diluted by a factor of 10 with water before being added to a growth
solution composed of 6.4 mL of 100 mM CTAB, 0.8 mL of 10 mM HAuCly, and 3.8 mL
of 100 mM ascorbic acid that were added sequentially to 32 mL of ultrapure H,O. Post-Au
seed addition, the mixture was mixed by gentle inversion, and then left to react undisturbed
for 5 hours in a 35 °C water bath. A ligand exchange was performed on the Au NC cores
before Ag layer growth was performed: Au NCs were centrifuged at 1100 RCF for 15
minutes in 7.5 mL aliquots, the supernatant was removed, and the particles were washed
and soaked in 3.75 mL of 20 mM CTAC for 15 minutes. This was repeated for a total of 3
spins and two 15 minute soaks. The final CTAC-capped Au NC pellet was redispersed in
500 uL of water to make the final precursor solution for Au growth. Typically, 400 uL of
the Au NC precursor was added to 10 mL of 20 mM CTAC along with 100 uL of 10 mM
KBr. This was mixed by inversion and heated in a 65 °C water bath for 10 minutes before
adding into 100 uL of 10 mM AgNOs3 and 300 uL of 100 mM ascorbic acid, mixing again
by inversion, and placing it back in the 65 °C water bath for two hours.

Silica-Coating of Au/Ag Nanostructures: Au/Ag NSs were capped with a thin ~4 nm
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layer of silica by modifying a previously described procedure.[81] In a 50 mL round bot-
tom flask, 30 mL of as-prepared Au/Ag NSs were first functionalized with 400 uL of a
freshly prepared 1 mM 3-aminopropyltrimethoxysilane (APTMS) solution for 15 minutes
at room temperature while stirring at ~500 RPM. A 0.54 wt.% solution of sodium silicate
was adjusted to pH ~10.2 with 5 N HCI followed by injecting 500 uL into the APTMS-
functionalized Au nanocubes. The reaction mixture was stirred for 3 minutes at room
temperature and then transferred to a 50 °C oil bath and stirred for 4.5 hours to form the
uniform silica shell. The reaction was quenched by placing the coated nanostructures in the
fridge overnight. The particles were then centrifuged at 900 RCF (x2) and washed once
with water prior to imaging and device incorporation.

Perovskite Layer Fabrication: MAPbBr3-sensitized layers were deposited on either glass

for TAS and PL testing or FTO-glass for full device characterization, including JV and
IPCE testing. Glass and FTO-glass substrates were cleaned by sonication for 30 min in a
2 vol.% solution of Hellmanex in H,O, rinsed first with H,O and then IPA, and then son-
icated for an additional 15 minutes in a 1 : 1 v/v mixture of IPA/acetone. The substrates
were then rinsed with IPA, dried with N,, and plasma treated for 15 minutes immediately
before use. A ~50 nm layer of compact TiO, was deposited on the substrates by hydrolyz-
ing 40 mM TiCly at 70 °C. The substrates were removed from the TiCly bath after one
hour, rinsed with H,O and EtOH, dried with N5, and then annealed at 500 °C for 15 min-
utes. Mesoporous TiO, was deposited by spin coating a diluted solution of 18NRT Dyesol
paste (1 : 2 : 1 by weight of EtOH : « -terpineol : Dyesol) at 2500 RPM for 60 seconds,
dried on a 100 °C hot plate, and then sintered at 500 °C for 30 minutes. Plasmon-enhanced
samples were prepared in the same manner; however, washed and concentrated pellets of
silica-coated Au/Ag NSs were added directly to the diluted Dyesol paste to the desired
concentrations and mixed until homogeneous before spin coating. All mesoporous layers
received a 40 mM TiCly post-treatment at 70 °C for 30 minutes, were rinsed with H,O and

EtOH, dried with N», and fired in air at 500 °C for 15 minutes. At this point, all meso-
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porous TiO, substrates were transferred into an inert environment. MAPbBr3 films were
then prepared following a modified two-step sequential deposition process.[39] First,a 1 M
solution of PbBr; in DMF was stirred on a 75 °C hot plate for 20 minutes and filtered with
a 0.45 um PTEE filter immediately before use. TiO; substrates were heated to 75 °C prior
to spin-coating 200 uL of the filtered PbBr; solution at 2500 RPM for 60 seconds followed
by a 30 minute annealing at 75 °C. Once cooled post-annealing, the substrates were dipped
in IPA for 1-2 s before being placed in a heated (50 °C) solution consisting of 15 mg/mL
MABT (Dyesol) in IPA for 10 minutes, rinsed with IPA, and annealed again at 75 °C for 30
minutes.

PSC Fabrication: Full devices were fabricated on FTO-sensitized substrates follow-

ing a typical fabrication process.[82] An HTM was prepared by the addition of 72.3 mg of
SpiroMeOTAD (2,2°,7,7’ -tetrakis(N, N-di-p-methoxyphenyl amine)-9,9’-spirobifluorene, EMD),
29 uL of 4-tert-butylpyridine, 18 uL of a 520 mg/mL LiTFSI (lithium bis(trifluoromethyl-
sulphonyl)imide) in acetonitrile solution, and 29 uL of a 300 mg/mL tris(2-(1H-pyrazol-
1-yl)-4-tert-butyl-pyridine)cobalt(III) bis(trifluoromethylsulphonyl)imide (Lumtec) in ace-
tonitrile solution to 1 mL chlorobenzene.[82] 100 uL of the HTM solution was then de-
posited on top of MAPbBr3-sensitized TiO, films at 3000 RPM for 30 s. The samples were

left overnight in darkness and dry air before 80 nm Au contacts were deposited via ther-

mal evaporation in 8 mm diameter circles utilizing shadow masks in an Angstrom Amod
system.

Materials Characterization: All optical absorbance spectra were taken using a Varian

Cary 5000 UV-vis NIR spectrophotometer. Scanning and transmission electron microscopy
were conducted with a Zeiss Merlin and an FEI Tecnai Osiris, respectively. Characteriza-
tion of power conversion performance of full device PSCs was conducted with a Newport
solar simulator and a Metrohm potentiostat. Each cell received 1 sun (100 mW/cm?) of
power from the solar simulator at AM 1.5 over equivalent areas of 0.081 cm? and was

tested at a scan rate of 50 mV/s. An average of 10 devices were tested for each sample
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type. Incident photon conversion efficiency (IPCE) measurements were conducted with
a 6 W Fianium fiber laser supercontinuum source coupled with a Fianium acousto-optic
tunable filter to filter out the desired excitation wavelength from the white light source.

Transient Absorption Measurements: Femtosecond transient absorption measurements

were conducted using a home-built pump-probe setup based on a femtosecond laser system
that utilizes seed pulses from a titanium sapphire oscillator (Micra, Coherent), amplified by
a Ti:Sapphire amplifier (Legend USP-HE, Coherent) to provide 800 nm femtosecond pulses
(2.5 mJ per pulse) operating at a 1 kHz repetition rate with ~45 fs pulse durations. The
Legend amplifier is pumped by using a Nd:YLF laser (Evolution-30, Coherent). A small
portion of the output of the amplifier (~4 uJ per pulse) is focused on a sapphire window (2
mm thick) to generate a white light continuum (WLC) probe (450-900 nm). To minimize
temporal chirp in the spectrally broad WLC probe, a set of parabolic mirrors was used to
collimate and focus the WLC on the sample. The transmitted probe was focused onto 100
um core fiber coupled with a spectrometer/CCD (USB2000ES, Ocean Optics). The pump
pulse at 400 nm is generated by doubling ~50 ulJ per pulse of the 800 nm fundamental in
a BBO crystal. The pump beam passes through a delay-line to allow control of time-delay
between the pump and the probe. In order to measure the absorbance changes between
every two successive laser shots, the pump beam was chopped at a frequency of 500 Hz.
At the sample, the spot sizes of the pump and probe pulses were 100 um and 50 pm,
respectively. The pump energy fluence at the sample was ~5 pJ/cm?.

Photoluminescence Measurements: The photoluminescence (PL) spectra were recorded

using a spectrometer (Acton SP2300) equipped with a CCD (Princeton Instruments, Pixis
256), which was coupled to a microscope. The time-resolved PL spectra were recorded by
using a time correlated single photon counting (TCSPC) module (Horiba Scientific with Pi-
cosecond Photon Detection Module, PPD-850 and Fluorohub model: Horiba JY IBH). The
PPD-850 was mounted to a second port of the same spectrometer. MAPbBrs3-sensitized

TiO, films, with and without Au/Ag NSs, were excited at 400 nm using a second harmonic
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signal of a Ti:sapphire laser (Coherent, Mira 900, 5 ps pulse length, 76 MHz repetition
rate). To match TCSPC requirements, the laser repetition rate was reduced to ~5 kHz us-
ing a pulse picker (Coherent). The output from the pulse picker was frequency doubled
using an ultrafast harmonic generator (Coherent 5-050) and directed into a microscope to
illuminate the films through a 100X microscope objective (beam spot size ~1 pum). All

films were initially exposed to 400 nm light for ~20 min in order to stabilize the samples.
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CHAPTER 8§

BROMINE SUBSTITUTION IMPROVES EXCITED-STATE DYNAMICS IN
MESOPOROUS MIXED HALIDE PEROVSKITE FILMS

Adapted from E. M. Talbert,"H. F. Zarick,” A. Boulesbaa, N. Soetan, A. A. Puretzky, D.
B. Geohegan, and R. Bardhan, Nanoscale, 2017, x, xxx with permission from the Royal

Society of Chemistry.

8.1 Summary

In this chapter, we explore improvements in carrier dynamics and stability in meso-
porous organometal halide perovskite solar cells beyond efficiency improvement via plas-
monics. Ultrafast transient absorption spectroscopy (TAS) is utilized to examine the excited-
state dynamics in methylammonium lead iodide/bromide (MAPb(I;_4\Bry)3) perovskites as
a function of bromide content. TAS spectral behavior reveals characteristic lifetimes for
thermalization, recombination, and charge carrier injection of MAPb(I; «\Bry)3 from x =0
to 0.3 infiltrated in mesoporous titania films. Carrier recombination and charge injection
lifetimes demonstrated a discernable increase with Br content likely because high carrier
populations are supported by the higher density of vacant electronic states in mixed-halide
perovskites due to the increased capacity of the conduction band. However, we observe
for the first time that carrier thermalization lifetimes significantly decrease with increasing
Br, similar to the results obtained in the previous chapter where thermalization lifetimes
decreased with the presence of plasmonic nanostructures. This suggests that the shift in
crystal structure from tetragonal towards pseudocubic accelerates carrier cooling, result-
ing in the relief of the hot phonon bottleneck. Furthermore, the stabilized MAPb(I; «Bry)3
samples exhibit a lower Burstein-Moss shift of 0.07-0.08 eV compared to pure MAPbI3

(0.12 eV). Our results provide evidence that Br inclusion contributes to a broadening of the
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parabolic conduction band and to improvement in electron-phonon coupling and phonon

propagation in the lattice.

8.2 Introduction

Photovoltaic devices designed with organic-inorganic halide perovskites have recently
attained power conversion efficiencies (PCEs) reaching 22%,[1, 2, 3] demonstrating the
promise of these low-cost materials for commercial viability and application in utility
scale power. In this family of materials, methylammonium lead triiodide (MAPDbI3) per-
ovskites have shown extraordinary performance due to their long range ambipolar diffu-
sion lengths, large absorption coefficients, low exciton binding energies, and favorable
band energetics.[4, 5, 6] However, the rapid degradation of MAPbI3; in ambient air and
moisture has resulted in poor long-term stability and undesirable hysteresis.[7, 8] Several
approaches have been adopted to surmount the stability issues, including device encapsu-
lation with hydrophobic polymers and inorganic oxides[9, 10] as well as engineering the
charge transport layers to be water-resistant.[11, 12] Alternatively, controllable substitu-
tion of MAPbI; perovskite with Br ions not only provides a straightforward and effec-
tive route to improve their moisture stability, but also enables tunable optical band gaps
with minimal impact on the overall light absorption that can be controlled by Br ionic
content.[13] The enhanced stability of mixed halide MAPb(I; xBry)3; perovskites results
from the smaller ionic radius of Br ions that shifts the lattice structure from tetragonal
to pseudocubic and reduces the lattice parameter, restricting the diffusion of water into
methylammonium vacancies.[14] The inclusion of Br ions has also shown to promote linear
charge transport, giving rise to increased exciton diffusion lengths as well as reduced carrier
recombination.[15, 16, 17] Relative to their pure iodide counterparts, the increased band
gap of MAPb(I;_xBry)sperovskites also results in higher open circuit voltages in the range
of 1-1.5 V.[18, 19] Therefore, by controllably infusing Br into the triiodide perovskite,

moisture stability can be improved while preserving high photovoltaic performance.[20]
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Recent work on mixed halide perovskites has focused on their synthesis and measure-
ments of crystallization kinetics,[21, 22] band gap engineering of their optical properties,[23]
increasing their environmental stability,[20, 24, 25] and correlating their structural and lu-
minescent properties.[26, 27, 28] Despite this extensive work, the impact of halide compo-
sition on carrier thermalization and transport is not fully understood. While time-resolved
photoluminescence (tr-PL) spectroscopy has been employed to study these fundamental pa-
rameters, tr-PL characterizes emissive states and cannot probe dark (non-emissive) states,
which play a critical role in the light absorption properties of perovskites. Further, tr-PL
also cannot resolve sub-picosecond carrier processes occurring in perovskites due to de-
tection speed limitations. On the other hand, ultrafast pump-probe transient absorption
spectroscopy (TAS) can reveal high resolution spectral and temporal behavior of pho-
togenerated species and resolve the time scales of various excited state processes, and
has been utilized to study perovskites extensively.[29, 30, 31, 32] Whereas time-resolved
studies of carrier relaxation dynamics in pristine perovskite films (or those paired with a
non-interacting scaffold) have already been reported,[32, 33, 34, 35] this study particu-
larly probes mixed halide perovskites infiltrated in mesoporous TiO; films. We employed
TAS to understand the impact of halide composition on the timescales of carrier ther-
malization, carrier recombination, and charge injection at the perovskite/TiO, interface
in MAPb(I{_«Bry)sperovskite/TiO;, films. Our motivation to study perovskite/TiO, films
stems from examining the literature where some of the most promising high efficiency de-
vices are achieved with perovskites infiltrated in mesoporous TiO, scaffolds.[36, 37, 38]
Therefore, probing the fundamental mechanisms in this system is highly relevant to un-
derstanding the driving forces in high performing solar devices. Our TAS results from
mesoporous mixed halide perovskites show that carrier cooling and relaxation dynamics
within a mesoporous TiO, architecture are favorably affected by bromide inclusion. We
demonstrate for the first time that the TAS bleach formation kinetics, attributed to hot car-

rier thermalization, are accelerated with increasing Br content, indicating relief of the hot
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phonon bottleneck. Conversely, the bleach relaxation, modeled by two characteristic life-
times representing Auger recombination and charge injection to TiO;, slows with increas-
ing Br composition. Finally, the Burstein-Moss shift, which describes energetics within
the conduction band and is evaluated from the position of the bleach feature, decreases
with the addition of Br as the capacity of the conduction band increases. Our work pro-
vides a mechanistic understanding of the carrier accumulation and carrier decay processes

in mixed halide perovskites within a mesoporous TiO, architecture.

8.3 Results and Discussion

The MAPb(I;_«Bry)3; perovskite films were synthesized by varying the I/Br ratios in a
mixed halide precursor solution (Table 8.1) and infiltrating the perovskites in a 100 nm
mesoporous TiO, layer with an additional 100 nm perovskite overlayer. The mp-TiO,
layer provides a scaffold for formation of the perovskite crystals, allows a precise way to
control perovskite thickness, and provides an electron acceptor for carrier injection from
the perovskites following optical excitation. The I/Br ratio was controlled by the relative
concentrations of the MAI/MABT soak solution for Pbl,-infiltrated mp-TiO, substrates as
detailed in the Experimental Section and Table 8.1, and the exact Br content was further
confirmed via XRD and UV-vis absorption measurements. Investigation of Br substitution
was capped at x = 0.3, as previous studies have found that any improvements in opto-
electronic properties of MAPb(I; «Bry)3; are negated past 30% Br inclusion as light ab-
sorption decreases sharply.[39, 40] Additionally, in our experiments, we found that with
Br compositions higher than x = 0.3, the average grain size increased at the expense of
complete coverage and contact with the mp-TiO, scaffold. While the thickness of both
layers is significantly lower than that used in typical perovskite solar cells,[41, 42] these
thicknesses were chosen to achieve relatively consistent optical density (OD ~1.0-1.25 at
400 nm) between samples, providing ample transmittance for TAS measurements even at

near-complete perovskite coverage. A representative top-view and cross-sectional view of
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Table 8.1: The following amounts of MAI and MABr were added to 7 mL IPA to generate
the stochiometric ratios necessary for the desired Br content.

Br Content | MAI | MABr
(x) (mg) | (mg)
0 105 0
0.1 84 15
0.2 70 24
0.3 59 33

MAPDbI; perovskite film are shown in Figure 8.1a and 8.1b, respectively. Top-view SEMs
of all other Br content samples are shown in Figure 8.2, verifying that grain structure and
coverage are sufficiently similar across all Br compositions.

While the grain structure in the different MAPb(I;_«Bry)3; samples is similar across all
Br compositions, the lattice microstructure differs due to the size difference between I and
Brions. As I ions are displaced by smaller Br ions, the lattice parameter decreases as the
lattice shifts from a tetragonal structure toward a pseudocubic geometry, evidenced by the
(110) peak shift toward 20 =15°with increasing Br in normalized XRD spectra (Figure
8.1c). The peak shifts align with those observed in literature for MAPb(I;_«Bry)3,[28, 43]
confirming the presence of MAPb(I; xBry)3 at the desired Br compositions. The absence
of impurity peaks in full XRD spectra (Figure 8.3) further confirms the purity of the per-
ovskite phase and minimal unreacted PbX, present in any sample. Moreover, the average
crystallite diameter, calculated from the (110) peak width using the Scherrer equation, is
relatively constant for all Br compositions (Figure 8.4). The pure MAPbI3 (0% Br) sam-
ple shows slightly elevated microstructure size compared to bromide-containing perovskite
films, indicating that there is some compositional heterogeneity within mixed-halide per-
ovskite grains. However, based on the steepness of the absorbance band edge (Figure 8.1d),
we conclude that this compositional heterogeneity arises from a natural dispersion of I and
Br ions during the two-step perovskite synthesis. In addition to the crystallographic and
topographic characterization of the perovskites, we have also probed the optical properties

of the mixed-halide perovskite films. Prior to analysis of transient absorption spectra, it
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Figure 8.1: Representative top view (a) and cross-sectional (b) SEM of a 100 nm
mesoporous-TiO, layer infiltrated with MAPb(I; xBrx)3. Shown here is x = 0 Br incor-
poration for both (a) and (b). (c) Glancing angle XRD peaks normalized to the (110) plane
for MAPb(I;_xBryx)3 mesoporous film samples with increasing Br content. (d) Optical ab-
sorbance spectra of all four samples.

Figure 8.2: SEM micrographs of MAPb(I_«Bry)3 show that grain morphology is consistent
across Br compositions. Top views of perovskite films deposited with x =0, 0.1, 0.2, and
0.3 are shown in (a), (b), (c), and (d), respectively. All scale bars are 200 nm.
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Figure 8.3: Full glancing angle XRD spectra for all samples, depicting the characteristic
peaks of MAPb(I; «xBry)3 perovskite and anatase TiO5.
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Figure 8.4: Average crystallite diameter calculated from the Scherrer equation. The crys-
tallite diameter is relatively consistent across all Br compositions.

is essential to understand the optical behavior of perovskites, as the excited-state devia-
tions revealed by TAS highlight excitonic features present in the absorbance spectra of the
MAPbH(I; «Bry)s3 films. The absorbance spectra shown in Figure 8.1d demonstrate similar
optical density for all Br compositions and a predictable blue shift of the absorptive band
edge with increasing Br content.[44, 45]

TAS measurements were recorded at a time delay after an excitation pulse saturates
the perovskite conduction band, and show the absolute deviation in absorbance from the

ground-state absorbance spectra. The TAS spectra for all samples at a time-delay of 3 ps af-
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ter excitation is shown in Figure 8.5a when photobleach (PB) and photoinduced absorption
(PIA) features are near their maximum. The broad PIA between 500-600 nm represents in-
creased photoexcitation at off-peak wavelengths due to conduction band saturation.[46, 47]
The PIA has also recently been linked to refractive index changes induced by the free carrier
population, as photoexcited states in all semiconductors result in variations in the dielec-
tric function.[47] There are two distinct photobleaches, PB1 at ~700 nm and PB2 at ~500
nm, which have been described by a dual valence and common conduction band model for
MAPbI;. This two valence band model was first proposed by Xing et al. as a possible route
for the formation of the two photobleach states.[48] These photobleaches represent blocked
optical transitions from the two valence bands excited to the conduction band by the pump
pulse.[46, 47, 49, 50] The optical transitions behind these features are depicted schemati-
cally in Figure 8.5c, where the PB1 band reflects the transition from VBI1 to CB, and PB2
reflects the transition from VB2 to CB. The intensity of PB2 has been attributed to both the
presence of Pbl, impurity and to charge injection into TiO;.[47, 49] Because the PB2 is
primarily dependent on impurity presence rather than on bulk phase charge transport, our
work focuses on the dynamics of the PB1 photobleach.

Following the ultrafast excitation of perovskites, carrier thermalization results in ac-
cumulation of the carrier population at near-band-gap energies (Figure 8.5c). Carriers
naturally thermalize to the minimum band energy, which is bounded by a characteristic
parabolic band shape, before recombining. However, since the density of states in the
conduction band is finite, thermalized carriers adopt a Fermi-Dirac distribution above the
parabolic boundary. After the 400 nm pump pulse creates a nonequilibrium distribution
of excited electrons in the conduction band, electron-phonon coupling cools the carriers to
a stable energy distribution within a couple of picoseconds. This distribution follows the
parabolic band shape that is centered slightly above the absorption band edge due to the
Burstein-Moss effect. The Burstein-Moss model of electronic band filling takes into ac-

count the broadening of the PB1 band, which is indicative of charge carrier accumulation
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Figure 8.5: (a) Transient absorption spectra for all samples showing two distinct photo-
bleaches near 700 nm and 500 nm corresponding to PB1 and PB2, respectively, and a
broadband photoinduced absorption (PIA) in between. Spectra are normalized at the max-
imum peak of PB1 (~3 ps time delay). (b) Bandgaps calculated from absorbance band
edges and transient absorption evolution of PB1, separated by the Burstein-Moss shift. (c)
Energy diagram of excited-state processes initiated in TAS, where n, is the number of con-
duction band electrons and E is energy above the bandgap. A 400 nm laser pumps electrons
(solid circles) into the conduction band (CB), leaving holes (hollow circles) in the valence
bands (VB). Carriers thermalize to a quasi-equilibrium distribution, where the optical tran-
sitions of a white-light probe are either bleached (PB) or enhanced (PIA) depending on
photon energy.
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and correlates the change in optical bandgap to the charge density raised to the power of
2/3.[46, 51] Since excitation into the conduction band is blocked by the equilibrium dis-
tribution of filled electronic states, a photobleach is observed in the white-light continuum
probe corresponding to the band gap energies with reference to the valence band. The ap-
parent band gap for the blocked optical transitions in TAS is calculated from the centroid
of the integrated TAS spectra[46, 47] and compared to the band gap from absorption in
Figure 8.5b. The difference between the bandgaps as evaluated from TAS and absorption
measurements represents the Burstein-Moss shift. The mixed halide samples (10-30% Br)
show a consistent Burstein-Moss shift around 0.07-0.08 eV, but the pure iodide sample
has a much higher Burstein-Moss shift of 0.12 eV. Based on the evolutionary spectra of
all samples (Figure 8.6-8.9) we do not anticipate that a significant portion of the bleach
feature is cut off by the low-pass filter; therefore, the bleach centroid position adequately
represents the mean energy of the carrier population for all samples. More importantly, the
measured conductivity of pure MAPbI; perovskite has been reported to be lower than that
of bromide-containing perovskites,[26, 52] which suggests that parabolic conduction bands
of MAPbI; have lower density of vacant electronic states available for free carriers. Thus,
the energy distribution of fully pumped MAPbI3 samples is shifted higher above the band
gap. This is further explained below in the discussion of bleach formation lifetimes, which
are markedly longer for the thermalization of carriers in MAPbI3 than in MAPb(I1{ «Bry)s.

Carrier cooling can be tracked by the PB1 formation in TAS, which occurs within the
first 2 ps after photoexcitation as shown in Figure 8.10a. The lifetimes for bleach for-
mation, Ty, are obtained from an exponential fit with positive amplitude, and a standard
pulse width of 0.1 ps is fixed to account for the laser attenuation at early times. To un-
derstand the impact of the pump power on the thermalization lifetimes of the Br substi-
tuted mixed-halide perovskite samples, power dependent measurements were conducted
between 20 and 80 uJ/pulse. The thermalization lifetime increases (i.e. the carrier cool-

ing rate decreases) with rising pump fluence for all MAPb(I; «Bry)3 samples, as shown in
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Figure 8.6: Transient absorption spectra at various time delays of a mesoporous TiO, film
infiltrated with MAPb(I;_«Bryx); with x=0 at various excitation fluences, (a) 20 uJ/pulse,
(b) 40 ul/pulse, (c) 60 ulJ/pulse, and (d) 80 ulJ/pulse.
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Figure 8.7: Transient absorption spectra at various time delays of a mesoporous TiO, film
infiltrated with MAPb(I; «Bry)3 with x=0.1 at various excitation fluences, (a) 20 uJ/pulse,
(b) 40 ulJ/pulse, (c) 60 uJ/pulse, and (d) 80 pJ/pulse.
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Figure 8.8: Transient absorption spectra at various time delays of a mesoporous TiO, film
infiltrated with MAPb(I; «Bry)3 with x=0.2 at various excitation fluences, (a) 20 pJ/pulse,
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Figure 8.9: Transient absorption spectra at various time delays of a mesoporous TiO; film
infiltrated with MAPb(I; «Bry)3 with x=0.3 at various excitation fluences, (a) 20 pJ/pulse,
(b) 40 ulJ/pulse, (c) 60 uJ/pulse, and (d) 80 pJ/pulse.
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Figure 8.10b. With increasing pump fluence, the number of absorbed photons increases as
well, resulting in high occupancy of energy levels nearest the band edge. The abundance
of hot carriers, as well as the limit of phonon-electron coupling, inhibits the relaxation
of carriers from the initial excited state to the conduction band edge, resulting in an en-
hanced hot carrier population.[53] This impediment to the carrier cooling in perovskites is
a phenomenon described as the hot-phonon bottleneck effect.[54, 55, 56] The clear trends
observed in carrier thermalization with pump power indicates that hot phonon bottleneck
is observable in the pure iodide and mixed halide perovskite mesoporous films. Whereas
phonon bottleneck is strongest in the MAPbI; sample indicating a long-lived population of
hot carriers, with increasing Br substitution in the perovskite lattice the phonon bottleneck
effect slightly diminishes. This observation is clearly indicated in Figure 8.10c (also can be
found in Table 8.2 for all excitation fluences) showing that carrier thermalization rates be-
come more rapid with increasing bromide composition. Our results therefore suggest that
the hot phonon bottleneck is being relieved with bromine substitution, reducing the num-
ber of hot carriers with increasing Br content. Cooling of hot carriers in semiconductors
dissipates the excess absorbed optical energy as lattice heat, comprising 50% of energy
losses in traditional solar devices.[57] Therefore, the faster carrier thermalization in Br-
substituted perovskites likely assists with device cooling and improves device longevity.
However, in high power optoelectronics such as lasing and photodetection where a high
population of hot carriers is useful, the pure iodide perovskite will be more desirable. The
trends in Figure 8.10c also illustrate that the most substantial decrease in 7y occurs be-
tween 0% and 10% Br, which further suggests that even low concentrations of Br improve
electron-phonon coupling within the mixed lattice of MAPb(I;_xBrx)3. The mechanism of
this stability arises from the local crystalline geometry around Br ions. Since the MAPbBr3
perovskite adopts a nearly perfect cubic lattice,[58, 59] the Pb centers in the PbXg octahe-
dra will align linearly across the Br ions. This localized alignment is expected to promote

phonon propagation as well as electron-phonon coupling.[60] As the Br concentration is
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Table 8.2: Premature recombination lifetimes (7;) and charge injection lifetimes (7,) and
corresponding amplitudes (A) derived from triexponential fits of transient absorption pho-
tobleach recoveries of MAPb(I;_xBry)s-infiltrated mesoporous-TiO, films as a function of
Br content and excitation energy. R squared values to check for goodness of fit are provided
as well.

Br Excitation
Content | Energy A | A | & | R?
(%) (uJ / pulse) (ps) (ps)
20 0.52]32.6 | 036 | 786 | 0.992
0 40 0.58 | 20.0 | 0.35 | 473 | 0.991
60 0.56 | 15.6 | 0.36 | 378 | 0.982
80 0.63 | 15.1 | 0.34 | 390 | 0.986
20 0431|179 | 039 | 574 | 0.984
10 40 0551 12.6 | 0.36 | 421 | 0.987
60 0.65| 154 | 0.37 | 416 | 0.994
80 0.66 | 13.8 | 0.36 | 755 | 0.992
20 047 | 274|043 | 536 | 0.992
20 40 055|214 | 0.36 | 457 | 0.986
60 053 119.2 1035 | 415 | 0.988
80 0.67 | 13.5 1 0.30 | 372 | 0.982
20 0.51 | 284 | 0.34 | 614 | 0.987
30 40 0.54 | 21.6 | 0.31 | 569 | 0.987
60 0.56 | 19.8 | 0.30 | 498 | 0.986
80 0.61 | 14.2 | 0.29 | 380 | 0.977

further increased, the electron-phonon coupling improves incrementally as more PbXg¢ oc-
tahedra are linearly aligned. Beyond improved charge transport,[27, 61] the presence of Br
ions in MAPb(I| «Bry)3 perovskites modifies the conduction band structure to enable faster
carrier thermalization and phonon diffusion.[62, 63]

The PB1 decay was also studied by fitting integrated peaks to two distinct decay expo-
nents, a fast (71) and slow (7;) component, from a biexponential fit (Figure 8.11a). Here,
71 is attributed to both charge carrier trapping at perovskite grain boundaries or defect sites
and Auger recombination. The relatively high pump fluence (60 pJ/pulse) indicates that
the carrier density is high enough that Auger recombination likely dominates 7. This
correlates well to previous findings by Xing et al.[48] suggesting the high absorption co-

efficient and long carrier diffusion lengths in organolead perovskites necessitates the use
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Figure 8.10: (a) Early time scales of TAS dynamics showing bleach formation dynamics of
PBI1 as a function of Br content. Experimental data (symbols) shown with an exponential
fit (smooth lines) as described in the experimental methods. Thermalization lifetimes, 7y,
extracted from exponential fits of the samples are given as a function of excitation fluence
in (b) and a function of Br content (c). The excitation fluence for the data shown in (a) and

(c) was 60 ul/pulse.
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Figure 8.11: (a) Full dynamics of integrated PB1 intensity (symbols) fit with a biexponen-
tial decay function (line). (b) Premature recombination lifetimes, 7|, measured at the pump
fluence of 60 uJ/pulse and (c) charge injection lifetimes, 7», extracted from the exponential
fits suggest that bromide content has a limited effect on recombination mechanisms in thin
mesoporous films.

of low pump fluence to minimize energy losses by Auger recombination. Table 8.2 il-
lustrates both a decrease in 7; as well as an increase in amplitude (A;) with increasing
pump fluence, indicating increased dominance of Auger recombination over trap-assisted
recombination at high laser power.[40, 64, 65] The time constants for carrier recombi-
nation shows a small increase for Br>10% (Figure 8.11b). While in thin films of pure
MA-Pb halides without a mesoporous scaffold, an increase in Auger recombination rate
has been observed in MAPbBr3 attributed to their higher exciton binding energy relative to
MAPbI;,[66] we observe only a weak increase in the Auger-dominated 7; with increasing
Br content in MAPb(I_«Bry)3/TiO, films within the x = 0 to 0.3 studied here. This obser-
vation is expected because high carrier populations are supported by the higher density of
vacant electronic states in Br-containing perovskites due to the increased capacity of the
conduction band.[26, 52] The slow decay component, 7,, represents charge injection from
the perovskite to the mesoporous TiO, substrate that occurs on a time scale of hundreds of
picoseconds.[31, 67] We observe a gradual increase in the charge injection time constant
with increasing Br content (Figure 8.11c), which is expected due to the marginally close
energy alignment between the conduction band of TiO; and the pure triiodide perovskite

(~0.1 eV). Park et al. have shown that for Br compositions up to 30% the conduction
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Figure 8.12: (a) Energy diagram illustrating decay processes for photogenerated carriers.
Photoexcitation of perovskites pumps electrons from valence bands (VB) into the conduc-
tion band (CB). Carriers decay by either injecting into TiO; or relaxing via trap-assisted
(one-body) or Auger (multi-body) recombination mechanisms.
excited carriers, calculated from the centroid of integrated PB1 features, decreases as the

carrier population relaxes over time.
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band increases by ~0.05 eV; this small increase is likely responsible for delaying charge
injection as bromide composition increases.[27] We note that while time-resolved photolu-
minescence can probe mechanisms that occur at nanosecond timescales, such as recombi-
nation within isolated bulk perovskites,[18, 20, 67] the sub-picosecond resolution of TAS
is ideal for studying rapid processes, including thermalization and carrier trapping within
mesoporous films.

The progression of the carrier recombination processes also impacts the energy distri-
bution of the excited-state carriers,[68] as schematically depicted in Figure 8.12a. Auger
and trap-assisted recombination, correlating to time constant 7y, contribute to about half
of the observed excited state decay. The majority of the remaining amplitude decays by
the slower time constant, 7, represented by carrier injection from the perovskite to TiO5.
The Fermi energy of excited carriers, calculated from the integrated PB1 peak position, is
tracked over time in Figure 8.12b to show the regression of mean carrier energy toward the
Burstein-Moss limit. The sharp decline in Fermi energy at early timescales is a remnant
of carrier thermalization, stabilizing around 3 ps when conduction electrons have relaxed
to thermal equilibrium. The Fermi energy then continues to decline gradually as the car-
rier population is depleted. The slope of the decrease in Fermi energy shows very small
variations between samples since 7; shows a weak variation across bromide compositions.
However, the Fermi energy of pure MAPbI3 approaches an apparent minimum consistent
with the hypothesis that narrow-banded MAPbI; perovskites exhibit a greater Burstein-

Moss shift than the mixed-halide MAPb(I; 4\ Bry); samples.

8.4 Conclusions

In summary, we utilized TAS to probe the excited-state dynamics of MAPb(I; xBry)3
mixed halide perovskites in a thin mp-TiO, film geometry. The TAS dynamics were
well fit by a multi-exponential fit representing lifetimes for sub-picosecond thermaliza-

tion, picosecond carrier trapping and recombination, and sub-nanosecond charge injection
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to TiO,, respectively. The measurements reveal that both Auger-dominated carrier recom-
bination and charge injection lifetimes show weak increase with rising bromide composi-
tions between 0-30%. However, carrier thermalization rapidly improves by substituting Br
in MAPDI3, which we conclude enhances the electron-phonon coupling in the perovskite
lattice. The observed faster carrier thermalization in Br-containing perovskite samples is
attributable to relief of the hot-phonon bottleneck and to the broadening of the parabolic
conduction band with Br inclusion. This indicates that as low as 10% Br substitution in
MAPbDI; perovskites not only increases the stability of conduction band to energetic per-
turbations but also promotes efficient heat dissipation from the active layer with minimal
impact on light absorption.[62] The fundamental insight gained from this work will not
only enhance the understanding of the ultrafast carrier processes in organic-inorganic per-
ovskites, but can also be applied to more complex systems such as such as interfaces of

perovskites with other semiconductors or metal nanostructures.[69, 70]

8.5 Methods

All reagents, unless otherwise specified, were purchased from Sigma Aldrich and used
as received without further purification. All H>O used for substrate preparation was ultra-
pure H>O (18.2 MQ) obtained from a Milli-Q Direct-Q 3UV system. All work done under
inert atmosphere was conducted in an MBraun LabStar glovebox filled with nitrogen (<0.5
ppm O3).

Precursor Synthesis: Methylammonium bromide (MABr) and methylammonium io-

dide (MAI) were synthesized according to previously reported procedures.[71, 72] Sepa-
rately, 32.3 mL of hydroiodic acid (37 wt.% in H,O) was combined with 30 mL of methy-
lamine (40% in methanol, TCI) and 44 mL of hydrobromic acid was combined with 27.8
mL of methylamine to produce MAI and MABT, respectively. Both were reacted at 0 °C for
two hours under stirring using an ice bath. After two hours, the solutions were evaporated

at 55 °C using a rotovap. The precipitates were each washed at least 3 x with diethyl ether
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and then collected using vacuum filtration. Finally, the crystals were dried in a vacuum
oven at 60 °C for 24 hours before use.

Perovskite Layer Fabrication: Mesoporous-TiO, layers infiltrated with MAPb(I;_«Bry)3

were fabricated on either 1 squares of Pilkington TEC 15 FTO glass for imaging charac-
terizations or microscope glass for optoelectronic and XRD characterizations. Glass and
FTO-glass substrates were cleaned by sonication for 30 min in a 2 vol.% solution of Hell-
manex in H,O, rinsed with H,O and IPA, sonicated for an additional 15 minutes in a 1:1
v/v mixture of IPA/acetone, rinsed with IPA, dried with N,, and finally plasma treated for
15 minutes immediately before use. A ~50 nm layer of compact TiO, was deposited on
the substrates by hydrolyzing 40 mM TiCly at 70 °C for 60 minutes. After substrates were
removed from the TiCly bath, they were rinsed with H,O and EtOH, dried with N;, and
then annealed at 100 °C for 10 minutes and 500 °C for 15 minutes. A ~100 nm meso-
porous TiO, layer was deposited by spin coating 250 pL of a diluted 18NRT Dyesol paste
solution (3:6:1 by weight of EtOH: - terpineol:Dyesol) at 500 RPM for 5 s and 6000 RPM
for 40 seconds, dried on a 100 °C hot plate, and then sintered at 500 °C for 30 minutes.
Once cooled, the mesoporous layers received a 40 mM TiCly post-treatment for 30 min-
utes at 70 °C, were rinsed with H>O and EtOH, dried with N,, and fired in air at 500
°C for 15 minutes. MAPb(I;_4\Brx)3was deposited on the mesoporous scaffold by modi-
fying a two-step sequential deposition process previously described.[73] Substrates were
transferred into an inert atmosphere environment. A 100 mg/mL solution of Pbl, in N,N-
dimethylformamide was stirred vigorously for 1 hour at 70 °C to dissolve before use. 200
uL was deposited onto each substrate and left to sit for ~5 s to ensure that the solution was
infiltrated throughout the full thickness of the mp-TiO; before spin coating at 500 RPM for
5 s and 6000 RPM for 40 s, followed by a 30 minute annealing at 70 °C. Once cooled post-
annealing, substrates were dipped in IPA for 1-2 s before being placed in a bath containing
the appropriate stoichiometric ratios of MAI and MABr in IPA, each on the range of ~15

mg/mL, for 1 minute with swirling, rinsed thoroughly with IPA, and annealed again at 75
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°C for 30 minutes.

Materials Characterization: All optical absorbance spectra were taken using a Varian

Cary 5000 UV-vis NIR spectrophotometer. Bandgaps were estimated using Tauc plots,
extrapolating the tangent to the steepest point of the absorbance band edge to where it
crosses the baseline absorbance level and using the following relation: Eg = hc/Arauc.
Scanning electron micrographs were taken with a Zeiss Merlin at 10 kV accelerating volt-
age. Glancing angle X-ray diffraction spectra were obtained with a Scintag XGEN4000
x-ray diffractometer with CuK, at wavelength A = 0.154 nm, and analysis is focused on
the 20 = 15°peak because of its indication of offset from cubic crystallinity. Grain size was

estimated using the Scherrer equation with K = 1:

KA

d—
FWHM *cos0

ey)

Transient Absorption Measurements: Femtosecond transient absorption measurements

were conducted using a home-built pump-probe setup based on a femtosecond laser system,
that utilizes seed pulses from a titanium sapphire oscillator (Micra, Coherent), amplified by
a Ti:Sapphire amplifier (Legend USP-HE, Coherent) to provide 800 nm femtosecond pulses
(2.5 mJ/pulse), operating at 1 kHz repetition rate with ~45 fs pulse durations. The Legend
amplifier is pumped by a Nd:YLF laser (Evolution-30, Coherent). A small portion of the
output of the amplifier (~4 uJ/pulse) is focused on a sapphire window (2 mm thick) to
generate a white light continuum (WLC) probe (450-900 nm). To minimize temporal chirp
in the spectrally broad WLC probe, a set of parabolic mirrors was used to collimate and
focus the WLC on the sample. The transmitted probe was focused onto 100 ptm core fiber
coupled with a spectrometer/CCD (USB2000ES, Ocean Optics). The pump pulse at 400
nm is generated by doubling ~50 uJ/pulse of the 800 nm fundamental in a BBO crystal.
The pump beam passes through a delay-line to allow control of time-delay between the
pump and the probe. In order to measure absorbance changes between every two successive

laser shots, the pump beam was chopped at a frequency of 500 Hz. At the sample, the
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spot sizes of the pump and probe pulses were 100 um and 50 um, respectively. The pulse
energy of the pump was varied between 20, 40, 60, and 80 uJ/pulse using a variable neutral
density filter, corresponding to energy fluences at the sample of ~28.4, 56.8, 85.2, and
113.6 uJ/cm?. Amplitudes and lifetimes were extracted by fitting the integrated PB1 peak
intensity to a convolution of the excitation Gaussian pulse to the following multiexponential
function which contains a positive exponential component for extracting bleach formation,

and two negative components to describe the bleach recovery:

AOD = Age /™ — Aje™!/M — Aye ™!/ )

To account for temporal chirp, the absolute times of measurement data were adjusted by
wavelength based on the earliest observed response time. Peaks were integrated from the
time-adjusted data set, and the normalized peak areas were fit over time to obtain kinetic
parameters. The centroid of the peak areas was tracked as the Fermi energy of conduction
band electrons. Residuals were calculated to check for goodness of fit; corresponding R-
squared values can be found in Table 8.2. All R-squared values are in the range of ~0.98

and above, which shows good reliability.
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CHAPTER 9

SUMMARY AND OUTLOOK

In this work, we investigated the use of shape- and composition-controlled bimetallic
nanostructures to enhance the light harvesting capability and improve the power conver-
sion efficiency in two different 3™ generation mesoscopic solar cells, dye-sensitized and
organolead trihalide perovskite sensitized solar cells. We then utilized two complimentary
time resolved spectroscopic techniques to further investigate the plasmonic enhancement
mechanisms driving the improved light conversion efficiency.

To accomplish this, we first synthesized Au/Ag core/shell bimetallic nanostructures
with cubic and pyramidal shape. The overall goal in synthesizing these structures was to
tune nanoparticles with properties we felt to be ideal for plasmonic enhancement: broad-
band absorption from the dual metal presence, Ag outerlayer to reduce Ohmic losses and
increase light scattering efficiency, and sharp edges and corners from the cubic and pyrami-
dal geometries to enhance the strength of electromagnetic near-field generation. By tuning
the synthesis parameters, we found that temperature controlled the morphological evolu-
tion of the structures; if the thermal energy in the reaction system was too low (35°C)
then nanostructures with rounded corners and edges formed, and if it was too high (80°C),
then polydispersity was intensified prompting the growth of high aspect ratio nanorods. A
median temperature of 65°C was found to be most appropriate for forming sharp-edged
nanostructures with minimal rod formation.

Before incorporating our structures into devices, we first probed their excited state prop-
erties as a function of Ag layer thickness (0-15 nm) in solution using transient absorption
spectroscopy. Low powered TAS measurements revealed minimal dependence on Ag layer
thickness, however high powered measurements revealed composition and shape depen-

dent trends. At high power, Ag presence (even at the thinnest, 2 nm layer) controls and en-
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hances the absorption of the 400 nm pump pulse leading to enhanced electron-phonon and
phonon-phonon excited state decay lifetimes as Ag layer was increased. We also observed
enhanced phonon-phonon lifetimes in the nanocubes with increased Ag layer thickness as
opposed to the nanopyramids, which we attributed to the increased amount of edges and
corners in the nanocubes vs the nanopyramids.

We attempted to decouple the impact of shape and composition effects on the plasmonic
enhancement ability of the nanostructures in DSSCs by looking at both Au nanocube-
enahnced and Au/Ag nanostructure-enhanced DSSC systems. When incorporating Au
NCs, we observed a systematic dependence of device performance on Au nanocube con-
centration. At an optimized density of 1.8 wr.% of Au NCs incorporated, we were able
to achieve a 34% increase in device performance compared to a reference, non-enhanced
device. We then compared these results to devices incorporating Au/Ag bimetallic nanos-
tructures. We observed a similar concentration dependent trend and were able to achieve a
power conversion efficiency enhancement of 26% at the optimized particle density of 0.44
wt.%. While greater enhancements were not achieved compared to Au NCs as expected, it
is interesting to note that similar enhancements were achieved using 4 x less the amount of
nanoparticle density with the bimetallic nanostructures compared their monometallic coun-
terparts. TAS measurements elucidated the density-dependent impact of the Au/Ag NSs on
carrier dynamics in these devices and provided strong evidence of plasmon-resonant energy
transfer in this system.

Moving forward, we then investigated the impact of AuAg bimetallic nanostructures
on the performance and carrier dynamics in MAPbBr3 devices. An unoptimized concen-
tration of 1.0 wt.% incorporation of Au/Ag NSs also resulted in a 26% increase in power
conversion efficiency compared to a reference, non-enhanced device. We used both time-
resolved photoluminescence (trPL) and TAS to investigated the impact of these structures
on carrier dynamics and to further investigate the plasmonic enhancement mechanisms at

play. Most interestingly, we observed a decrease in the photobleach formation time, which
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suggests that the presence of the nanostructures improves hot carrier thermalization to an
equilibrium distribution and thus helps relieve the hot-phonon bottleneck in organolead
halide perovskties. The presence of the nanostructures also increased the carrier decay life-
times, observed in both TAS and trPL, suggesting enhanced rate of carrier generation that
promoted more efficient charge injection into the TiO, scaffold.

Finally, we discovered another scheme for reducing the thermalization lifetime and
relieving the hot-phonon bottleneck in organolead trihalide perovskite via controlled sub-
stitution of I with Br. Transient absorption measurements of mixed halide perovskites with
0 to 30% substation of I with Br showed little dependence of halide content on carrier re-
combination and injection lifetimes, however displayed significant decreases in the carrier
thermalization lifetime with increasing Br content. This suggests that the shift in crystal
structure from tetragonal to pseudo cubic as Br is added to the lattice improves carrier cool-
ing, which also aides in the relief of the hot phonon bottleneck, decreasing energy losses in
the devices to heat generation.

In summary, this work provides key insights into the mechanisms which enable plas-
mon enhancement of 3™ generation mesoscopic solar devices. Plasmonic enhancement
has been applied to a wide variety of solar cell systems, from silicon-based to organic
photovoltaics, and muc hprogress has been made in the eld in the last decade. Here we
have investigated and elucidated mechanisms and schemes for improving light capture and
carrier dynamics using both plasmonic nanostructures and halide substitution. Our work
has demonstrated that despite being a universal enhancement tool, different mechanisms
of enhancements can be exploited depending on the device architecture and nature of the
sensitzer. DSSCs primarily benet from radiative enhancement both in the near-eld and
far-eld, as well as PRET, resulting in increased photocurrent. In PSCs, plasmon-enhanced
light harvesting gives rise to a modest increase in photocurrent, by both enhancing op-
tical absorption and decreasing exciton binding energy. Understanding and considering

these mechanisms and their interactions in various environments enables powerful future
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optimization potential. There remains signicant opportunity to probe the impact and mech-
anisms of hybrid bimetallic nanostructures with other sensitizers, architectures, and solar
cell types; this includes mixed halide perovskites, planar devices, and in solar devices such
as quantum dot solar cells, amorphous silicon PVs, and cadmium telluride thin Im PVs.

While perovskites have already created a paradigm shift in photovoltaic technology,
we anticipate that in the next decade new perovskite materials will be discovered and new
PV architectures will be realized for further advances in efciency and ultimately in com-
mercial feasibility. In particular, whereas Pb-based perovskites have thus far achieved un-
precedented efciencies, the high toxicity of lead is a primary concern to the environment
and to human health as even low exposure levels are associated with signicant health im-
pairments. Concerns with Pb toxicity has also hindered the wide-scale implementation of
Pb-based perovskites, and much focus has been placed on developing perovskite materi-
als with either reduced or eliminated Pb content. We hope that information gleaned about
bimetallic nanostructures on the impact of plasmonic enhancement mechanisms can further
tailor their use in future devices employing these new perovskite materials and optimized
cell architectures.

Additionally, we envision that the information we have learned in particular about the
importance of morphology control can aid in the development of new plasmonic materials
that can be used to enhance to performance of a range of optical and electronic devices.
This includes devices beyond photovoltaics, such as next generation energy conversion
systems like semiconductor-based photoelectrochemical fuel cells. Further, besides solu-
tion synthesized nanostructures and traditional incorporation methods, LSPRs may also be
engineered into the cathode of PSCs, which is typically Au or Ag, by nanostructuring the
electrode with top-down approaches to ultimately enable long-range surface plasmon po-
lariton modes to couple to the optical resonances of the perovskites. Ultimately, we hope
that our studies and forthcoming investigations will help push towards a future that utilizes

clean and renewable energy sources.
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