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Chapter 1

INTRODUCTION

1.1 Motivation

As the modern economy increasingly moves away from fossil fuels, it is imperative that
alternative fuel and electricity sources are developed. In addition to the depletion of oil, nat-
ural gas, and coal reserves, greenhouse gas emissions from the production and consumption
of fossil fuels are hastening the development of one of the greatest challenges of the 21st
century, climate change. If left unabated, greenhouse gas emissions could cause a 4 °C rise
in average global temperatures by 2100, thereby devastating the global economy. [1, 2]
Clean energy in the U.S. is produced from multiple sources, including wind energy, bio-
fuels, geothermal and hydropower. According to a report by the U.S. Energy Information
Administration, commercial solar cells have gained an increasing share of the renewable
energy market, producing 6.7% of the total renewable energy in the United States in 2016,
up from 1.1% in 2006.[3] It is important to note that the cost of commercially installed so-
lar energy is largely contributed by factors other than the solar module. In a 2013 report by
the Rocky Mountain Institute, it was shown in the U.S. that the solar module contributed <
17% of the cost per area of installed solar, with the remainder of the cost contributed from
soft costs such as installation, regulatory requirements, and financing, as well as additional
hardware and inverter costs. Because of the relatively low cost of solar modules in relation
to ancillary costs, it is paramount to maximize the power output per area for commercially
viable solar cells.

There are many approaches to improving the light harvesting efficiency of photovoltaic
systems including multi-junction solar cells and solar concentrators, however, we investi-

gate the improvement of light harvesting by the incorporation of plasmonic nanostructures



into solar cells. Plasmon enhancement can be used to improve the light absorption of a
wide variety of solar harvesting devices, the mechanisms by which will be discussed in

detail in Section 1.3.

1.2 Third Generation PV

1.2.1 Organic Photovoltaics

Organic photovoltaics (OPVs) made from solution processed organic polymer semi-
conductors have attracted much attention since 2001, when Shaheen et al. first published a
power conversion efficiency (PCE) of ~2.5%.[4] Toshiba Inc. has since produced a single
junction organic thin film cell with a PCE of 11.2%[5, 6], bringing OPVs closer to the realm
of commercially viable energy conversion technology. A major advantage to OPVs is their
ability to be made flexible, as they are not inherently brittle like leading crystalline solar
cells; flexibility could provide a route to implementation of solar technology in apparel and
other consumer goods.[7, 8] Additionally, OPVs are semitransparent, and can easily be in-
corporated into consumer products, due in part to the non-hazardous materials with which
they are made. Currently, commercially printed cells with efficiencies in the range of ~1.5-
2.5% are available.[9] Krebs et al. developed a process for aqueous processing of OPVs
using roll-to-roll methods, and achieved PCEs of up to ~0.7%.[10, 11] A distant goal for
the field is to make the manufacture of organic photovoltaics as simple, inexpensive, and
unobtrusive as applying paint to a wall.

One major barrier to OPVs commercial viability lies in the low efficiency of commer-
cial modules. Improved PCE is paramount to the cost effectiveness of OPV materials, and
may be accomplished, in part, by plasmon enhancement. Plasmon enhancement provides a
universal route applicable to the whole family of OPV materials that can significantly boost
the optical absorption and carrier generation per unit of OPV absorbing material. Through

small additions of metal nanoparticles to OPVs (< 1 wt%), the PCE of OPVs can be signif-



icantly enhanced, enabling thin film architectures compatible with scalable manufacturing
routes and improved viability for integration.

In a recent review, Yu et al. outlines the criteria to consider when designing a polymer
for use in OPVs: i) low bandgap energy to facilitate efficient light absorption, ii) proper en-
ergy level match between the LUMO levels of the electron donor and acceptor to overcome
exciton binding energy, iii) balanced charge carrier mobility for efficient charge transport
and iv) optimized energy difference between the HOMO level of the donor polymer and
the LUMO level of the acceptor molecule in order to maximize V,..[12] The full geometry
of an OPV is represented in the top panel of Figure 1.1a. An anode, typically a transparent
conductive oxide (TCO) is the base (100-150 nm), followed by a thin (10-100 nm) hole
transport layer (typically PEDOT:PSS or MoO3). The active layer (80-200 nm) consists of
an electron donor and an electron acceptor material in a bulk heterojunction architecture
(BHJ). An electron transporting layer (1-10 nm) is coated on top of the active layer, which
is then capped with a metal cathode (100-150 nm), typically Al or Ag.

The bulk heterojunction (BHJ), as represented in Figure 1.1a is the prevailing geometry
used in research grade organic photovoltaics. The BHJ maximizes the contact area between
the electron donor and acceptor molecules, while remaining solution processable. High
surface areas have been observed in BHJs of donor/acceptor pairs, which is necessary in
OPVs, as polymers typically have short exciton diffusion lengths (~10-20 nm).[13] The
lower panel of Figure 1.1a schematically shows the process of charge generation in an
OPYV; first, a bound exciton is excited by an incoming photon (1), the exciton then diffuses
through the donor material until it either recombines or finds an interface with the acceptor
material (2), where the HOMO energy of the acceptor material provides the necessary
energy for dissociation (3). From here, the charge carriers percolate to the current collector
where they may be used to perform work (4).

Figure 1.1b further illustrates the charge dissociation process. When a photon of greater

energy than the donor bandgap (E, p) excites a donor molecule, an electron moves to the
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Figure 1.1: (a) Schematic representation of exciton generation and dissociation in a bulk
heterojunction OPV. (b) Band diagram of generic donor acceptor system.

lowest unoccupied molecular orbital (LUMO) of the species, remaining bound in an exci-
ton. When the exciton comes in contact with the acceptor molecule, it readily dissociates
into free carriers under the condition that /Pp — Uc<)4, where IPp is the ionization po-
tential, y4 is the acceptor electron affinity, and U is the Coulomb energy of the separated
species.[14] The effective bandgap of the donor/acceptor system is given by Eg ps - this
determines the maximum voltage achievable by the solar cell.

When a photon of sufficient energy strikes an electron donating molecule in an OPV,
an exciton is formed. Unlike traditional photovoltaics (PVs) which have a high refractive
index (~10-12), organic photovoltaics are made of materials with a much lower refrac-
tive index (~3-4). Because of this low refractive index, the bound exciton must overcome
a much higher dissociation energy barrier than do excitons in a higher refractive index
medium. Owing to this high required dissociation energy, a homojunction as is found
in traditional PVs is not a feasible option, and so a heterojunction is used. Typically, a
fullerene based acceptor molecule is used, though non-fullerene based acceptor systems

have been reported.[15]



1.2.2  Mesoporous Solar Cells

In addition to solid state photovoltaic systems, photoelectrochemical (PEC) cells have
been explored for electricity production. An added advantage of PEC systems is that they
can be used for direct clean fuel production via redox reactions of consumable electrolytes.
The concept of PEC has been studied for various applications since the discovery of the
photovoltaic effect in 1839.[16] In a photoelectrochemical system, photons hit a semicon-
ducting electrode, generating charge carriers (¢~ /h™ pairs). Because catalysis is an inherent
part of a photoelectrochemical system, high surface area to facilitate reactions between the
light absorbing species and the redox electrolyte, typically mesoporous photoelectrodes are
used to accomplish this.[17] For an n-type semiconductor, holes migrate to an electrolyte
solution in contact with the electrode and perform a redox reaction, the electrons are forced
around an external circuit to a counter electrode to participate in the opposite redox reac-
tion, as illustrated in Figure 1.2. For a p-type semiconductor, the opposite is true. Two
types of PEC cells are being heavily investigated today: (i) cells that generate hydrogen
from the cleavage of water which can be used as a clean, portable fuel source,[18] and (ii)
regenerative type cells that produce current from sunlight, commonly known as dye sensi-
tized solar cells (DSSCs).[19] Titanium dioxide is commonly used in both systems for it’s
long term stability in a corrosive electrolyte environment.[20] TiO; has a relatively high
band-gap (3.2 eV) which has an absorption threshold of 460 nm, while other materials are
used for PEC solar energy harvesting such as WOs3 and Fe,Os, they are often limited by
stability.[21, 20]

Because TiO; has a high band gap, PEC devices often consist of mesoporous TiO; sen-
sitized with molecules or structures which have a high optical cross section and can couple
absorbed light into the semiconducting backbone. Dye sensitized solar cells produce elec-
tricity using a colloidal semiconductor layer sensitized with dye, an I™ / I3~ redox medi-
ator, and a charge collecting layer (usually platinum) to complete a redox reaction under

solar irradiation.[19] Since their conception in 1991, dye sensitized solar cells (DSSCs)
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Figure 1.2: Schematic representation of a photoelectrochemical cell.

have reached power conversion efficiencies of up to 11.9%.[5] In addition to poor light
absorption by PEC devices, a major barrier in large scale PEC device production lies in
the use of the noble metal platinum as a counter electrode.[22] Typically, platinum salt is
brushed onto a transparent conductive oxide (TCO) layer and calcined into platinum metal,
however, a number of materials have been explored as an alternative to platinum includ-
ing conductive polymers,[23] mesoporous semiconductors,[24] carbon nanotubes,[25] and
graphene.[26, 27, 28, 29] Carbon materials have taken a leading role in the search for a
counter electrode material due to their high conductivity, excellent catalytic activity, and is

feasibility for large scale production.[30, 25, 31, 32, 24, 23, 33, 34]

1.3 Mechanisms of Plasmon Enhancement

Localized Surface Plasmon Resonances (LSPRs) in metal nanostructures give rise to
a collection of optical and electronic effects, processes that occur during the excitation
and subsequent decoherence of a plasmon and ultimately contribute to enhanced photonic

effects in photovoltaics (PVs). Plasmonic enhancement in solar devices is attributed to (i)
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radiative effects, in which the LSPR relaxes and re-radiates light into the absorptive layer or
the metal nanostructures act as a secondary absorber that enhances local electric fields, and
(ii) non-radiative effects where the LSPR relaxes and energy is subsequently transferred to
vicinal semiconductor, enhancing the current generation. In non-radiative processes, metal
nanostructures essentially act as a direct sensitizer in which charge carriers are directly
injected into a semiconductor. This section will explain the four mechanisms of plasmonic
enhancement shown in Figure 1.3, including light scattering and electromagnetic fields
categorized within radiative effects, and hot electron transfer (HET) and plasmon resonant

energy transfer (PRET) which fall under non-radiative effects.

a Far-Field Scattering b Near-Field Coupling
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Figure 1.3: Schematic illustration of plasmon enhancement mechanisms of radiative effects
(a) far-field scattering and (b) near-field coupling; and nonradiative effects: (c) hot-electron
transfer, and (d) plasmon resonant energy transfer. The small gold spheres represent a
plasmonic nanostructure, and the large tan spheres represent vicinal semiconductor.



1.3.1 Radiative Effects

LSPRs of metal nanostructures have finite lifetimes following which they decay either
radiatively by emitting a photon, or nonradiatively by generating electron-hole pairs.[35,
36, 37] The radiative decay process either gives rise to electromagnetic fields in the nanos-
tructures near-field or light scattering into the nanostructures far-field. Radiative effects
are best understood as a dipole-dipole coupling between the metal nanoparticle dipolar
fields with the molecule or sensitizer dipole. The metal-molecule radiative coupling is
proportional to r—3, where r is the distance from the molecule to the nanostructure. At
the plasmon resonance however, radiative fields follow r—¢ dependence and may far ex-
ceed unity.[38, 39, 40, 41, 42] In this section, we discuss the basic concepts and mecha-
nisms of plasmonic enhancement in PVs by radiative processes. Light incident on metal
nanostructures with a sufficiently high albedo is scattered into the far-field; depending on
geometric and material properties of the particle, the scattering cross section may be up
to an order of magnitude larger than the physical cross-section of the nanostructure.[35]
This far-field scattered light can ultimately be reabsorbed by the active material, enabling
enhanced light absorption even at distances of several hundred nanometers. Photons scat-
tered from each nanostructure can also encounter multiple scattering from proximal nanos-
tructures in the far-field, which ultimately increases the total light trapped within a solar
cell.[43, 44, 45] Further, by tuning the LSPR to wavelengths complementary to the active
material’s absorption, nanostructures can be designed to capture solar photons not other-
wise absorbed.[46, 47] Light scattering properties of metal nanostructures are a function of
their size and are best understood by Mie theory.[48, 49, 50, 51] Mie theory is the simplest
analytical solution of Maxwells equations and describes the extinction behavior of spheri-
cal metal nanoparticles when excited with an incident electric field. For a metal nanosphere
with radius « in a dielectric medium, where the permittivity for the metal and medium are

given by &,,.1; and &,04ium, r€Spectively, the scattering cross section (Ojqq;) 1S given by:
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where k = 2m/A. Since Oy scales with a%, metal nanoparticles with sizes a >30
nm are ideal for coupling far-field scattered light into absorbing materials, resulting in en-
hanced light harvesting.[52] We have calculated absorption and scattering cross-sections of
spherical Au nanoparticles to demonstrate this size effect. Figure 1.4a shows that the per-
cent light scattered from nanoparticles monotonically increases with size while the amount
of light absorption decreases.

At the crossover size of ~90 nm for spherical Au nanoparticles, the amount of light
absorbed and scattered is equivalent, indicating nanoparticle size can be tuned to achieve
desired absorptive and scattering properties for maximum solar harvesting. Beyond the size
of metal nanostructures, shape also controls the far-field scattered light attributed to the en-
hanced polarizability, or ability to polarize incoming light, of the nanostructures (Figure
1.4b).[53, 54, 55, 56] The effect of polarizability is particularly dominant for non-spherical
nanostructures with sharp edges and corners such as cubes, pyramids, and octahedrons,
as well as layered concentric nanostructures where the polarizability is enhanced at the
metal/dielectric interface of each layer.[57] Further, light scattering characteristics are af-
fected by the composition of nanostructures where Ag has stronger radiative properties
due to less Ohmic losses than Au (Figure 1.4b). This is best described by the complex
dielectric functions of bulk Ag and Au which consists of a real (Figure 1.5a) and imaginary
(Figure 1.5b) part. The real part of the dielectric function (€;) determines the polariza-
tion response and scales with carrier concentration in the metal. The imaginary part of
the dielectric function (&) determines the optical losses including interband and intraband
losses. For Au, intraband or Drude losses are high in the near-infrared and lower in the
visible. Alternatively, interband losses in Au are high at shorter wavelengths. The smaller
imaginary dielectric function of Ag across all wavelengths implies lower optical losses

(i.e. plasmon damping), which results in higher scattering efficiency and narrower plasmon
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nm Au nanosphere bare, with a 10 nm SiO; coating, and with a 10 nm TiO, coating. All
calculations were performed in Lumerical FDTD Solutions.
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Figure 1.5: (a) Real part of the dielectric function for Au and Ag. (b) Imaginary part of the
dielectric function of Au and Ag. Data adapted from Ref. [59].

linewidths.[58, 59, 60, 61] This fundamental difference in the optical behavior of Au and
Ag has been extensively harnessed in plasmonic sensing, and more recently applied solar
enhancement where Ag has shown stronger enhancement in carrier generation.[62, 63, 64]

Finally, far-field effects may be tuned as a function of the permittivity of the medium
(&nedium) surrounding the metal nanostructures.[65, 66, 67, 68] A higher &,,04im (i) red-
shifts the LSPR frequency enabling capture of solar photons where the sensitizer poorly
absorbs, and (ii) enabling preferential scattering in targeted directions.[69] Calculated an-
gular scattering (Figure 1.4c) of 50 nm Au nanoparticles uncoated, and coated with 10
nm Si0;, and TiO, demonstrates >3 x light scattering for TiO, coated nanoparticles. The
dielectric constant of TiO, is ~6.8 whereas that of SiO; is ~2.1. The red-shift in LSPR
frequency, A4, with increase in &gegiun is best understood by the Drude approximation for

quasi-static metal nanoparticles, given by:

A'p = lp,b V 2&medium 1 (1.2)

where 4, is the bulk plasmon wavelength. Further, the sensitivity of the scattering

Cross section, Ogcqr, tO Epnedinm can be understood from Mie theory, given by:

327548316‘11-,””‘/2 (81 - smedium)z + (82>2
A4 (81 + gmedium)z + (82)2

(1.3)

Oscar =
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where V is the nanoparticle volume, and shows o;.4 scales with 831 edium

The interaction of plasmonic nanostructures with incident light results in local enhance-
ment of electromagnetic fields, defined as near-fields, in the immediate vicinity of the
nanostructure. Metal nanostructures integrated in PVs function as nanosized light con-
centrators focusing incident light on the metal surface within a small mode volume; the
intensities of these fields are typically orders of magnitude higher than the incident light.
Therefore, one can envision nanostructures as a secondary light source increasing the pho-
ton flux and the overall light absorbed by the solar cell. Absorbing materials in the prox-
imity of the nanostructures directly couple with the strong near-fields and the resulting
plasmon-molecule coupling, increasing the electron-hole pair generation.

Electromagnetic near-fields at the plasmon resonance decay proportional to r~®, where
r 1s the distance from the nanostructure, and typically extend <50 nm from the nanostruc-
ture surface (Figure 1.6a). Analogous to far-field scattering, the near-fields generated by the
LSPR are governed by the metal nanostructure morphology and composition.[52, 55, 56]
Non-spherical nanostructures with sharp features, such as nanocubes, generate a high con-
centration of charges localized at the edges and corners, attributed to the lightning-rod
effect.[70, 71] Finite difference time domain (FDTD) simulations demonstrate the impact
of nanostructure morphology and composition on the local electromagnetic field intensities
at the plasmon resonance (Figure 1.6b-e). These intense fields in nanocubes decay slower
and extend much farther than their spherical counterparts (Figure 1.6b-e). The lightning-
rod effect was first reported by Gersten and Nitzan,[72] and then by Liao and Wokaun[73]
to describe the fields localized at the tips of prolate ellipsoids. Liao et al. defined the

lightning-rod factor, 7, given by:

_3a2

=33 (1-Aa) (1.4)

where A, is the depolarization factor of the ellipsoid, @ and b are the dimensions of the

long axis and short axis respectively. For a nanosphere y =1, for a prolate ellipsoid with
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Figure 1.6: (a) Calculated near field enhancement as a function of distance from the particle
surface averaged over the 300-800 nm spectral range; values are averaged over the X, y, and
z planes intersecting the particle. Near field profiles at peak plasmon resonance for (b)
Ag nanocube at 490 nm, (c) Au nanocube at 580 nm, (d) Ag nanosphere at 420 nm, and
(e) Au nanosphere at 530 nm are shown. All calculations performed in Lumerical FDTD
Solutions.

aspect ratio 3:1 y = 12, and for an ellipsoid with aspect ratio 4:1 y = 22. The lightning
rod effect can be extended to other anisotropic shapes and ultimately explains the higher
efficiencies observed when PVs are integrated with non-spherical nanostructures. Near-
field effects are also stronger for Ag relative to Au (Figure 1.6a) due to the wavelength-
dependent behavior of the real and imaginary dielectric functions of the metals as shown
in Figure 1.5. We note that a limitation of radiative enhancements is that photon energy is
unchanged when scattered, so only light that is within the band gap of the semiconductor

is utilized.

1.3.2 Non-Radiative Effects

While radiative effects are the dominant mechanism for plasmonic enhancement in
most PV enhancement schemes, non-radiative effects also play a significant role and facil-
itate coupling of below band gap energy into the semiconductor. Therefore by effectively

harnessing non-radiative enhancement processes, ultra-high efficiencies may be realized
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in single junction solar cells. Two distinct non-radiative effects contribute to enhanced
carrier generation in PVs: hot-electron transfer (HET), and plasmon resonant energy trans-
fer (PRET). Both of these non-radiative energy transfer processes have been studied in
photodetectors[74] and solar photocatalysis,[75, 76] but remain poorly understood in PVs.
In this section, we discuss the fundamentals of non-radiative enhancement in PVs with
plasmonic nanostructures.

When a plasmon decays non-radiatively via Landau damping upon decoherence of the
LSPR, this energetic relaxation generates hot electron-hole pairs.[77] Landau damping, a
process that has been extensively studied with femtosecond spectroscopy, is a quantum me-
chanical phenomenon which occurs on a timescale of 1-100 fs.[78, 79] Hot electrons are
not in thermal equilibrium with the atoms in the metal and are characterized by an effective
elevated temperature.[76, 80] The generation of hot electrons in noble metal nanostruc-
tures, such as Au and Ag, is driven by either intraband excitations within the conduction
band or by interband excitations resulting from transitions between d bands and the con-
duction band.[36] In the case of Au, the d-band energy level lies 2.4 eV below the Fermi
energy; therefore interband transitions can contribute significantly to the hot carrier gener-
ation process. However, in Ag the d-band lies 4 eV below the Fermi energy; hot electrons
are therefore mostly generated by intraband excitations.[81] These hot electrons ultimately
cool down through electron-electron scattering followed by electron-phonon collisions, re-
leasing their energy to the lattice by dissipation of heat, a phenomenon that has been exten-
sively harnessed in photothermal cancer therapies.[82]

As depicted in Figure 1.7, prior to relaxation, hot electrons can be efficiently captured
by forming a Schottky barrier, ®gp, with a semiconductor such as TiO;, which has a high
density of states in its conduction band and permits rapid electron injection over ®sp. Hot
electrons with sufficient energy to overcome the ®gp can be injected into the semiconductor
conduction band.[74, 83, 84, 85, 86] Since the energy needed for HET is smaller than the

bandgap, Eg, of the semiconductor, spectral overlap between the metal nanostructure and
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Figure 1.7: Schematic energy diagram of the hot electron transfer process: first, the excita-
tion and subsequent decoherence of a plasmon produces hot electrons and holes, followed
by diffusion of hot electrons to the metal-semiconductor interface. Next, hot electrons with
sufficient energy traverse the Schottky barrier and tunnel through a thin insulator to enter
the conduction band of the neighboring semiconductor.

semiconductor is not required in order for energy transfer to occur. However, HET can only
occur when the Fermi levels of the metal and semiconductor are equilibrated, and there is
a clear path for electrons to travel between the two.[74, 81] In most plasmon enhanced
PEC Typically, platinum salt is brushed onto a transparent conductive oxide (TCO) layer
and calcined into platinum metal. and OPV systems, metal nanoparticles are coated in
an insulating interlayer such as SiO;. For HET to occur, the layer must be thinner than
the electron tunneling barrier of the material, which is 3 nm for SiO,.[87] Despite the
promise of HET in enhancing carrier generation in plasmon enhanced PVs, recombination
of the carriers at interfaces and defect sites remains a challenge. Further, relaxation of hot
holes before reaching the hole-transport material, which shuttles the holes to the counter
electrode in solar cells, remains a major barrier to successful implementation of HET in
PECs and OPVs.

The efficient generation and capture of hot electrons is determined by the shape, size,

and composition of metal nanostructures, as well as device design. Nordlander and co-
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workers recently calculated hot electron generation in Ag nanoparticles of 15 nm and 25
nm diameter.[81] They demonstrated that when hot carriers are generated with energies
close to the Fermi level, an increase in hot carrier production occurs with increasing size.
However, larger nanoparticles produce less energetic carriers than smaller Ag nanopar-
ticles. Their analysis also revealed the spatial distribution of hot electrons is primarily
localized along the direction parallel to the polarization of the incident field. Govorov and
co-workers confirmed that hot electrons are most efficiently generated in Au or Ag nanos-
tructures <20 nm size. Since the mean free path of an electron is on the order of 20 nm;
hot electrons generated in nanoparticles with dimension >20 nm have energies closer to
the Fermi level of the metal, and originate from defects in the nanoparticle.[88] The com-
position of metal nanostructures also determines the rate of Landau damping; for example,
metals with strong intraband transitions such as Pd, Pt, and transition metals have weak
radiative properties and efficiently convert incident photons to hot electrons. Hot electrons
can also be preferentially generated in metal nanostructures with a strong subradiant (dark)
mode, such as complex layered architectures or highly anisotropic nanostructures. The
superradiant or bright modes in such metal nanostructures directly couple to the incident
light and are spectrally broadened due to radiative damping, whereas subradiant modes do
not couple to light, hence they are spectrally narrow and relax non-radiatively to produce
hot electrons. For example, multilayered metal/dielectric nanoshells,[57, 89] nanostruc-
tures with broken symmetry,[90, 91, 92] and ordered clusters of nanostructures[93, 94] all
have strong subradiant modes and can produce hot electrons. By engineering the morphol-
ogy and dimensions of metal nanostructures and coupling with appropriate semiconductors
whose ®gp is relatively close to the Fermi level of the metal, HET can be promoted in PVs.
Challenges remain for large scale implementation of hot electron generating devices, in-
cluding wet chemical synthesis of geometries which promote HET, and the synthesis of an
appropriately thin insulating layer to allow for HET to neighboring semiconductor while

minimizing unwanted recombination.
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In addition to HET, plasmon resonant energy transfer (PRET) also plays a key role in
non-radiative plasmonic enhancements in PECs and OPVs. PRET is analogous to Forster
resonant energy transfer (FRET) where the LSPR dipole replaces the fluorescent molecule.
The LSPR dipole originates from the oscillations of conduction electrons and dephases
on plasmon decoherence via absorption or scattering. Following light absorption by the
metal nanostructures, PRET occurs when the resonant energy is transferred from the metal
to the adjacent semiconductor via dipole-dipole coupling, generating electron-hole pairs
below and near the semiconductor band edge.[75, 95, 96] In contrast to HET, where a
physical contact between the metal and semiconductor is required, PRET does not require
direct contact, and is unaffected by any insulating interlayer, such as SiO,, between the
metal and semiconductor. PRET occurs as long as the semiconductor is within the nanos-
tructures near-field and a spectral overlap exists between the LSPR and the semiconduc-
tor absorption. Further, unlike HET where a band alignment of the metal Fermi level
with the semiconductor is required, PRET is not limited by Fermi level equilibration.[97]
Plasmon enhancement in PVs by PRET is determined by the morphology and compo-
sition of metal nanostructures, and distance separating the semiconductor and metal.[30,
98] Wu and coworkers recently performed transient absorption spectroscopy (TAS) and
compared the transient signal between four core@shell metal nanospheres, Au@TiO;,
Au@Si0; @TiO,, Ag@TiO,, and Ag@SiO, @Si0, to differentiate the HET and PRET
processes.[96] Their results demonstrated that HET was dominant in Au@TiO; nanopar-
ticles following light absorption due to direct contact between metal and semiconductor,
whereas in Ag@SiO, @TiO, the insulating silica interlayer prevents HET, but promotes
PRET due to strong spectral overlap between Ag and TiO;. In addition, both HET and
PRET is possible in Ag@TiO,, whereas Au@SiO, @TiO; nanoparticles allowed neither
HET nor PRET due to poor spectral overlap between Au and TiO; and presence of >3 nm
silica layer preventing plasmon enhanced photoconversion in TiO;. An enhanced PRET

efficiency has also been demonstrated for high aspect ratio nanorods which exhibit longer
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dephasing times than nanospheres, up to ~20 fs vs. ~5 fs for spheres.[99, 100, 101] The
slow dephasing in nanorods is attributable to reduced radiative damping as a result of low
energy LSPR, and the ~1.8 eV threshold for interband transitions.[59, 101] Plasmonic en-
hancement in solar devices by PRET often competes with FRET, which takes away excited
carriers from the semiconductor, and hence distinction of the two processes is essential
to preferentially enable PRET. In a recent work, Wu and coworkers differentiated the two
processes and demonstrated that in the dipole-dipole coupling regime, exciting the plasmon
results in coherent plasmon-to-semiconductor energy transfer via PRET, whereas exciting
the semiconductor at its bandgap results in incoherent semiconductor-to-plasmon energy
transfer via FRET.[75] They defined the efficiency of dipole-dipole energy transfer for

FRET (Errer) and PRET (Epgger) as follows:

1
E = 1.5
FRET = (R JRy)®) (1.5)
(asemi(w) + aLSPR(w)) (H_R£)6
EprerT = ° (1.6)

Otsemi( @)
where R is the dipole-dipole separation distance, and Ry is the distance at which 50%
of the energy is transferred, and o is frequency-dependent absorption coefficient. The
PRET efficiency is dependent on the LSPR dephasing time where a slower plasmon de-
phasing (10 fs) than the semiconductor (5 fs) results in higher energy transfer via PRET,
whereas longer semiconductor dephasing results in FRET. This indicates that when PRET
dominates, FRET becomes less efficient and vice-versa, conserving the total energy. The
authors also demonstrated PRET efficiency as a function of the LSPR-semiconductor sep-
aration distance where PRET is highest where the near-field of the MNSs is the strongest,
i.e. at minimum metal-semiconductor separation but not in direct physical contact. On the
contrary, the distance dependence for FRET was inversely symmetric to PRET since the

plasmons extracted away the excited carriers from the semiconductor in the case of FRET.
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While the evidence of PRET has been shown in solar photochemistry and photocatalysis,
the contributions of PRET to enhance light trapping in PEC systems remains poorly ex-
plored thus far. Since spectral overlap between metal and semiconductor is required for
PRET, this mechanism occurs under similar conditions as radiative near field enhance-
ment. Therefore, it is often difficult to differentiate the contributions of the radiative and
non-radiative mechanisms. Further work is required to elucidate the potential for PRET in

both DSSCs and PSCs.

1.3.3 Plasmon Enhancement in Light Harvesting Devices

Two design schemes for plasmon enhancement of organic photovoltaics have been
heavily investigated: buffer layer incorporation and active layer incorporation. When plas-
monic particles are incorporated into the buffer layer, they are not in direct contact with
the active layer, this presents a distinct set of advantages and disadvantages. Because the
metal particle is not in contact with the light absorbing material, it cannot act as a center
for recombination, however, the enhanced electric fields must extend into the active layer
(5-100 nm) to have an effect. Previous studies using this approach have found enhance-
ments up to 65% for donor/acceptor systems[102]. The buffer layer enhancement approach
is illustrated in Figure 1.8a. To maximize the optical enhancement by adding plasmonic
nanostructures, it is advantageous to use nanostructures with resonances that have strong
overlap with the incident solar spectrum and the absorbing material, as shown in Figure
1.8b-f.

The second approach, incorporating plasmonic particles into the active layer, also has
major advantages and disadvantages. Because this approach tends to be more complicated,
it is practiced less than the former. Direct incorporation of metal nanoparticles into the
active layer can result in a decrease in performance as a result of increased recombination
caused by the direct contact of metal with semiconductor[103]. In addition to metal act-

ing as an electron sink, incorporation of metal nanoparticles into the active layer disrupts
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Figure 1.8: (a) Generalized schematic for plasmon enhanced organic photovoltaics. (b) So-
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plasmon enhanced mesoporous solar cell schematic.
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the morphology of the BHJ. The bulk of recombination can be avoided by adding a thin
insulating layer to the nanoparticle, however this is often non-trivial, and trap states are
still introduced due to the inherent interruption in active layer morphology. Even when
coated with an insulating layer, active layer embedded metal nanoparticles are still within
close proximity to the semiconductor (<10 nm). Near field effects are typically exploited
using particles with sharp corners and edges, which exhibit strong local field enhancement.
For this approach, enhancements up to 95% have been reported.[102]. For a P3HT based
system, it has been reported that the effects of adding nanoparticles to both the buffer and
active layers are cooperative, with enhancements of 14% and 8% for the individual ap-
proaches, respectively, but a 21% enhancement when the approaches were combined[104].

In addition to OPVs, plasmonic nanoparticles can be used to improve efficiencies in
PEC water splitting where low solar energy conversion efficiency due to low spectral ab-
sorption stands as a major barrier in large scale production and implementation. The use
of plasmonic metal nanoparticles for enhancement of a photoelectrochemical light harvest-
ing device is pictured schematically in Figure 1.8g.[105, 106, 107, 108, 109, 17, 41] MNS
of sub-wavelength dimensions couple incident light to conduction-band electrons, gener-
ating surface plasmons which give rise to intense electromagnetic near-fields at the metal
surface.[110] When MINS with controllable shapes and sizes are integrated with the meso-
porous semiconductor, the result is significant optical enhancement and improved e /h™
generation increasing the H, production efficiency.[111] Plasmon-mediated enhancement
is achieved in two ways: (i) MNS absorb solar energy in the visible and scatter light
which is trapped in the semiconductor by total internal reflection increasing the optical
path length, and (ii) MNS absorb light and couple the electromagnetic near-fields into
the semiconductor thereby amplifying the light absorption and rate of e /h™ formation.
By positioning the MNS arrays into the mesoporous semiconducting layer, the scattering
mechanism of MNS plasmons will be harnessed and light will be preferentially scattered

into the semiconductor layer increasing the optical path length. Strong near-field effects
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are also observed, which couple with the semiconductor, increasing the rate of e /h™ pair

formation in the active layer.
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Chapter 2

PLASMON ENHANCED WATER SPLITTING MEDIATED BY HYBRID
BIMETALLIC AU-AG CORE-SHELL NANOSTRUCTURES

2.1 Summary

In this chapter, we employed wet chemically synthesized bimetallic Au-Ag core-shell
nanostructures (Au-AgNSs) to enhance the photocurrent density of mesoporous TiO, for
water splitting and we compared the results with monometallic Au nanoparticles (AuNPs).
While Au-AgNSs incorporated photoanodes give rise to 14 x enhancement in incident pho-
ton to charge carrier efficiency, AuNPs embedded photoanodes result in 6 x enhancement.
By varying nanoparticle concentration in the photoanodes, we observed ~245x less Au-
AgNSs are required relative to AuNPs to generate similar photocurrent enhancement for
solar fuel conversion. Power-dependent measurements of Au-AgNSs and AuNPs showed a
first order dependence to incident light intensity, relative to half-order dependence for TiO,
only photoanodes. This indicated that plasmonic nanostructures enhance charge carriers
formed on the surface of the TiO, which effectively participate in photochemical reactions.
Our experiments and simulations suggest the enhanced near-field, far-field, and multipolar
resonances of Au-AgNSs facilitating broadband absorption of solar radiation collectively

gives rise to their superior performance in water splitting.

2.2 Introduction

The conversion of solar energy into a renewable chemical fuel, which can be stored and
released on demand both for stationary applications and transportation, offers a promis-
ing alternative to the use of fossil fuels. Solar driven photocatalytic water splitting affords

enormous prospects to produce Hj, a sustainable and clean fuel, potentially at the terawatt
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scale.[1, 2] However, despite the promise of solar-to-hydrogen conversion technology, poor
efficiencies and challenges with scalability have severely hindered their broad deployment
for clean energy production.[3] For example, an ideal market-ready solar-to-fuel system
must simultaneously (i) be composed of earth-abundant, robust, and inexpensive semicon-
ductors which absorb broadband solar radiation,[4] (ii) have long minority carrier diffusion
lengths to minimize bulk recombination of e~ /h™ pairs, (iii) enable separation of charge
carriers and transport to the semiconductor/liquid interface where half reactions occur, and
(iv) have active surface sites that enable charge transfer processes at the semiconductor/lig-
uid interface and lower the kinetic overpotential needed for the half reactions.[5, 6] Cur-
rently available semiconductors do not meet all these requirements. For example the most
investigated n-type semiconductor, TiO,, while inexpensive, has a large bandgap (3.2 eV)
which limits its photo-activity to the UV region of the solar spectrum.[7] Hematite, a-
Fe,03, a promising alternative to TiO,, has a more narrow bandgap (2.2 eV) but suffers
from low mobility of energetic charge carriers.[8] Narrow bandgap semiconductors with
high carrier mobility, such as Si and InP, are either limited by poor catalytic activity of sur-
face sites (Si) or are expensive (InP) and an impractical solution to large scale devices.[9]
Alternatively, semiconductors integrated with metal nanostructures have demonstrated
remarkably improved performance for solar-to-fuel conversion.[10, 11, 12, 13, 14] Topo-
logically compact metallic nanostructures with sub-wavelength dimensions couple inci-
dent photons to conduction electrons generating localized surface plasmon resonances
(LSPR) that give rise to electric fields with intensities that can be orders of magnitude
greater than that of the incident field.[15, 16] LSPRs also result in strong light scattering
into the far-field. These near-field and far-field properties of metal nanostructures have
been long known to enhance optical properties of adjacent molecules and semiconduc-
tors by modifying their photonic mode density,[17, 18, 19, 20] a concept that has been
harnessed extensively in solar devices.[21, 22, 23, 24] The SPR of metal nanostructures

are governed by both geometry and dimension. Unlike spherical nanoparticles, nanostruc-
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tures with sharp edges and corners such as cubic and pyramidal morphologies generate
intense electromagnetic fields localized at the corners due to the quasi-static lightening rod
effect.[25, 26, 27] Such morphology-controlled nanostructures when integrated with semi-
conductors for photocatalytic water splitting give rise to enhanced light absorption and
current collection.[28, 2]

In addition to morphology, the composition of metal nanostructures also contributes to
the absorption and scattering. Bimetallic nanostructures where two metals are coupled to-
gether in core-shell architecture can be designed to exhibit enhanced electronic properties
not achievable by monometallic nanostructures.[29, 30] Gold core-silver shell bimetallic
nanostructures offer several advantages for water splitting including (i) dual metals gen-
erate multiple plasmon resonances allowing broadband absorption of solar light, (ii) in-
tense near-field enhancements facilitating superior light harvesting characteristics, (iii) less
Ohmic losses in Ag relative to Au, giving rise to enhanced radiative damping and strong
light scattering,[31] and (iv) core-shell architecture enabling dynamic modulation of elec-
tronic properties without altering the overall size. Here we demonstrate the use of Au-Ag
core-shell nanostructures (Au-AgNSs) to enhance the photoactivity of mesoporous TiO;
photoanodes. Relative to monometallic Au nanoparticles (AuNPs), Au-AgNSs demon-
strate a higher absorption across the solar spectrum and stronger enhancement in incident
photon to charge carrier efficiency (IPCE). Our experiments and electrodynamics simula-
tions show that broadband absorption of incident light as well as enhanced scattering and

near-field effects result in the superior performance of Au-AgNSs relative to AuNPs.

2.3 Results and Discussion

Bimetallic Au-Ag NSs were synthesized following our previously reported procedure.[30]
Au nanocrystal cores of 46 + 3 nm, which consisted of both rounded corner nanocubes
and truncated nanocubes, were coated in Ag shell which resulted in two distinct shapes:

bimetallic nanocubes with 67 + 3 nm edge length (~55%), and nanopyramids with 86 +
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Figure 2.1: Transmission electron micrographs of (a) Au-Ag nanostructures and (b) after
coating with 5 nm layer silica, (c) Au nanoparticles and (d) after coating with a 5 nm layer
silica.

4 nm side length and 98 + 4 nm base length (~45%). The rounded corner Au nanocube
cores drives nucleation and growth of bimetallic nanocubes, while truncated nanocubes
drive the growth of nanopyramids.[30] Transmission electron micrographs of Au-AgNSs
(Figure 2.1a) show the high contrast Au core surrounded by lower contrast Ag shell. The
Au-AgNSs are coated in a 5 nm layer of silica (Au-Ag@SiO,, Figure 2.1b). The silica
layer has multiple purposes: (i) since metals are electron scavengers, the insulating silica
spacer minimizes recombination of electron-hole (e /h™") pairs on the metal surface; (ii)
silica layer minimizes Ostwald ripening during annealing of the photoanode; and (iii) silica
layer also protects the nanostructures from the corrosive basic electrolyte. The plasmon
enhanced water splitting ability of bimetallic nanostructures was compared with 85 nm di-
ameter AuNPs (Figure 2.1c) which were also coated with a uniform, thin layer of silica
(Au@Si0,, Figure 2.2d).

Plasmonic enhancement of solar devices is contributed by the absorption and scatter-
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ing cross-sections of nanostructures. To understand these optical characteristics of the
different shapes observed experimentally, finite difference time domain (FDTD) simula-
tions were performed. Calculated absorption, scattering, and extinction spectra of bimetal-
lic nanocubes (Figure 2.2a) show a dipolar mode centered at 560 nm and a quadrupolar
mode at 490 nm and other higher order multipole modes associated with the nanocube
corners.[32] Calculated spectra for bimetallic nanopyramids show dual resonances when
excited with a perpendicularly polarized light due to excitation of both dipole and quadrupole
modes (Figure 2.2b). The dipole resonance is observed at 720 nm, the quadrupole res-
onance at 600 nm, and other higher order modes are observed due to excitation of the
various corners of the pyramids.[30] The near-field intensity plot indicates intense electro-
magnetic fields localized on the edges and corners at the dipole resonance of nanocubes
(Figure 2.2e-1) and nanopyramids (Figure 2.2e-i1). Calculations of AuNPs show a dipole
resonance centered at 555 nm with stronger absorption relative to scattering (Figure 2.2c¢).
Simulations demonstrate that the overall optical characteristics of Au-Ag nanocubes and
nanopyramids combined together supersede those of AuNPs; the presence of the nanopy-
ramids also gives rise to near-infrared resonances enabling broadband light absorption.
The experimental extinction spectra of Au-Ag@ SiO, nanostructures exhibit dual plas-
mon resonances (Figure 2.2d) centered at 535 nm which is primarily attributed to the
nanocubes and at 630 nm which is due to the nanopyramids. While the experimental dipole
modes of Au-Ag nanocubes matches well with calculated spectra, for the nanopyramids the
dipole and quadrupole mode are overlapped into a single peak in experiments relative to
simulations. This difference in spectral characteristics between experiments and simula-
tions is likely attributed to two factors: (i) heterogeneities in the nanopyramids shape and
size resulting from the synthesis process, and (ii) calculated spectra of nanopyramids rep-
resent a perfectly symmetric Au core within the Ag shell, but experimentally we either
observe an outer shell of non-uniform thickness or a nonconcentric alignment of the core

and shell. This results in symmetry breaking allowing quadrupolar modes to hybridize
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Figure 2.2: Calculated absorption, scattering, and extinction spectra obtained from FDTD
simulations of (a) Au-Ag nanocubes, (b) Au-Ag nanopyramids, and (c) Au nanoparticles.
(d) Experimental extinction spectra of Au@SiO; nanoparticles with a plasmon resonance
at 560 nm and Au-Ag@SiO; nanostructures showing dual resonances at 535 nm and 630
nm. (e) Electromagnetic intensity profile, <E2/E%>, of (i) Au-Ag nanocubes, (ii) Au-Ag
nanopyramids, and (iii) Au nanoparticles. Profiles were collected at the dipole resonance of
each shape. A plane wave of intensity unity was injected along the x-axis with propagation
occurring along the y-axis. Color bars represent intensities of the resulting electric fields.
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with dipolar modes which results in single strong peak in experiments red-shifted from the
calculated quadrupole mode and blue-shifted from the simulated dipole mode. The exper-
imental plasmon resonance of Au@SiO; nanoparticles centered at 550 nm overlaps well
with calculations.

Following synthesis, Au@SiO;,-NPs and Au-Ag@SiO,-NSs were embedded in pho-
toanodes mixed with 20 nm mesoporous TiO; (P25). A detailed characterization and size
analysis of the mesoporous TiO, nanoparticles is shown in Figure 2.3. The mesoporous
TiO, is beneficial to device performance due to the large surface area in contact with elec-
trolyte per unit volume. Due to the large bandgap of TiO,, control photoanodes (TiO; only)
show minimal absorbance in the visible (Figure 2.4a). The photoanodes with Au@SiO;-
NPs exhibit an enhanced absorption in the visible region relative to the control; however,
due to the overall poor extinction cross-section of spherical AuNPs and high Ohmic losses
the absorption enhancement is not significant. Photoanodes with Au-Ag@Si0O,-NSs in-
creased the overall absorption through the full spectral range from 350-750 nm. This
improved absorption is attributed to the multiple plasmon resonances of Au-Ag@SiO,-
NSs spanning the entire visible spectrum. Additionally, due to high dielectric constant of
TiO; (€ >8) the plasmon resonances of Au-Ag@SiO, are expected to red-shift in the TiO;
nanoparticle film which explains the absorption enhancement beyond 650 nm. We note
spherical nanoparticles are typically less sensitive in sensing the change in refractive index
of surrounding medium relative to nanocubes and nanopyramids. The enhanced absorp-
tion is also attributed to the overall larger extinction cross-section of Au-AgNSs relative to
AuNPs as observed in simulations (Figure 2.2).

The photocatalytic water splitting ability of photoanodes were analyzed in a three-
electrode set-up with Pt counter electrode and Ag/AgCl reference electrode under AM 1.5G
illumination (100 mW/cm?). Relative to control, IPCE of plasmon-enhanced photoanodes
(Figure 2.4b) demonstrate an increase in photocurrent in the visible for the Au@Si0O,-NPs

embedded photoanodes, and both visible and near-infrared for the Au-Ag@SiO,-NSs pho-
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Figure 2.3: (a) Representative transmission electron micrograph of P25 nanoparticles. (b)
Scanning electron micrograph of mesoporous morphology of P25 nanoparticles on FTO
glass. (c) Size distribution of P25 nanoparticles, the average size is 23 nm.
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plasmon enhanced photoanodes. The plasmon enhanced photoanodes are at the optimized
concentration. (c) Enhancement in photocurrent as a function of wavelength obtained from
IPCE data of plasmon enhanced photoanodes relative to TiO; only photoanodes. The error

bars were obtained from >4 devices.
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Figure 2.5: (a) Chronoamperometry measurement of reference photoanode (TiO,) and
plasmon enhanced photoanode (TiO; + Au-Ag@Si0O,), and (b) Light-chopping measure-
ment of the two photoanodes shown in a.

toanodes. A slight decrease in photocurrent over the spectral range from 400-450 nm was
observed attributable to reduction in the photon flux that reaches the TiO, surface due to
presence of the metal nanostructures. IPCE enhancement as a function of wavelength was
obtained from by dividing the IPCE intensity of plasmon enhanced photoanodes by control
photoanodes (Figure 2.4c). IPCE enhancements correlate well with corresponding plas-
mon resonances of the embedded nanostructures. While photoanodes incorporated with
Au@Si0,-NPs show 6x enhancement in the visible region consistent with that observed
previously with AuNPs,[33] photoanodes with Au-Ag@SiO,-NSs demonstrate a 14x en-
hancement distributed across the visible and near-infrared. We also performed chronoam-
perometric measurements at 0 V vs. RHE for both plasmon enhanced and non-enhanced
photoanodes and observed stable photocurrent over 30 minutes for both devices, as shown
in Figure 2.5.

The increased photocurrent in the presence of plasmonic nanostructures is attributed
to two phenomena: (i) metal nanostructures behave as antennas where the plasmonic near
field is coupled to the semiconductor thereby increasing the total absorption cross-section,
(ii) metal nanostructures serve as sub-wavelength scatterers to couple and trap solar en-

ergy into the absorbing semiconductor layer. Relative to spherical nanostructures, a higher

42



concentration of charges are localized at the corners and edges of cubic and pyramidal mor-
phologies due to the lightning-rod effect which gives rise to strong local fields that decays
tens of nanometers from the nanostructure surface. These confined fields can serve as a
secondary light source, increasing optical interactions with proximal materials and result-
ing in a higher density of e /h™ pairs than is possible with visible illumination alone. The
bimetallic nanostructures (particularly nanocubes, see Figure 2.2) have a high scattering
cross-section, which also contributes to the enhanced photocurrent. Light scattered from
nanostructures into the semiconductor beyond the critical angle of reflection passes sev-
eral times through the semiconductor and remains trapped. This phenomenon increases the
semiconductor optical path length and improves light absorption.

A third mechanism has also been proposed where following photo-excitation at the
plasmon resonance, plasmons will decay by energetic relaxation generating e /h™ pairs.
These photo-excited electrons undergo electron-electron scattering resulting in a non-equilibrium
hot electron distribution. The process of hot electron conduction in metal nanoparticles is
dependent on the electron mean free path, A., of the metal; for Au and Ag A, is on the order
of 50 nm.[34, 35] This suggests for metal nanoparticles <50 nm hot electrons can rapidly
transfer to the semiconductor near the metal surface (in the absence of an insulating bar-
rier such as silica) and initiate efficient photochemical reactions.[36, 37, 38] However, for
metal nanoparticles >50 nm in size, such as the Au-Ag NSs and AuNPs used in this work,
fewer hot electrons reach the metal surface due to scattering. The hot carriers that reach the
Au/Si0O; interface must now pass the electron tunneling barrier, ®,, of the insulating SiO»;
for Si0; @, 1s <3 nm.[39, 40] Since the silica layer thickness of Au@Si0O,-NPs and Au-
Ag@Si0,-NSs is ~5 nm, it is highly unlikely hot electrons will transfer to the surrounding
TiO,, suggesting the hot electron mechanism does not play a role in our system. The higher
enhancements by Au-Ag@ Si0O,-NSs also results from the dual plasmon resonances allow-
ing broadband incident light absorption. We also note that the observed enhancements in

photocurrent suggests that the nanostructures are within 10-20 nm from the semiconduc-
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Figure 2.6: The photocurrent enhancement of photoanodes as a function of particle con-
centration in wt.% with (a) Au-Ag@SiO, nanostructures, and (b) Au@SiO, nanoparti-
cles embedded within the mesoporous TiO,. Note: The maximum photocurrent densities
are achieved with three orders of magnitude less Au-Ag@SiO, nanostructures relative to
Au@SiO; nanoparticles. Error bars were achieved from 4 photoanodes per concentration.

tor/electrolyte interface; since minority carrier diffusion length for TiO; is on the order of
10-100 nm only e /h™ pairs generated within this distance of semiconductor/electrolyte
interface contribute to photocatalytic water splitting. [41, 42, 43]

We varied the concentration of Au-Ag@SiO,-NSs and Au@SiO;,-NPs in the photoan-
odes to determine the dependence of particle density to photocurrents. Particle densities
were determined by correlating the absorbance of nanostructures to weight of the dried
nanostructures determined via thermogravimetric analysis (TGA). We observed a clear

trend in nanostructure concentration dependence to photocurrent for both Au-Ag@SiO,-
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Figure 2.7: Correlation of photocurrent to light intensity (power) of photoanodes with Au-
Ag@SiO; nanostructures (blue) and Au@SiO, nanoparticles (red) embedded within the
mesoporous TiO; photoanods relative to TiO; only photoanodes. The power dependence
of the samples is: Au-Ag@SiO; o Intensity 1.2, Au@SiO; o Intensity 0.94, and TiO,
o< Intensity 0.55. Error bars were achieved from four photoanodes measured at each light
intensity.

NSs and Au-Ag@SiO,-NPs (Figure 2.6). Photocurrent density monotonically increased
reaching a maximum at 4.5 x 10™* wt.% Au-Ag@Si0,-NSs and then decreased with fur-
ther increase in particle density. For Au@SiO,-NPs photocurrent reached a maximum at
1 x 107! wt.% and then decreased and leveled off. To achieve similar photocurrent en-
hancements three orders of magnitude fewer particles are needed for Au-Ag@SiO,-NSs
relative to Au@Si0O,-NPs which demonstrates significantly less material is required to
achieve plasmonic enhancement of solar devices with bimetallic nanostructures relative
to monometallic nanoparticles. The decrease in photocurrent at high particle concentra-
tions is attributed to: (i) at high particle densities the total available photon flux reaching
TiO; is significantly decreased resulting in fewer e /h™ pairs being generated; (ii) increas-
ing concentration of metal increases e~ /h™ recombination decreasing carriers available for
photocurrent generation; and (iii) increased particle density promoting interparticle interac-
tion between adjacent nanostructures giving rise to heat generation. The dissipation of this
heat increases the phonon density relative to the carrier density available for photocurrent

generation which reduced the current density of photoanodes.
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To further understand the role of plasmonic nanostructures in increased charge carrier
generation at the semiconductor surface, the photocurrents of the samples were analyzed
by modulating intensity of the solar simulated light from 50 mW/cm? to 300 mW/cm?.
Photoanodes incorporated with Au-Ag@SiO,-NSs and Au@SiO,-NPs (Figure 2.7) ex-
hibit first-order intensity dependence, while control photoanodes show half-order intensity
dependence. If the observed photocurrent is directly correlated to the concentration of h™
on the TiO, surface, that indicates the surface concentration of h™ follows a first- and half-
order dependence for the plasmon enhanced, and control photoanodes respectively. Studies
have shown that e /h™ pairs formed in the bulk of TiO, shows a half-order dependence on
photon flux, whereas charge carriers formed near the surface of TiO, show a first-order
dependence on light intensity.[41, 44, 45] These results provide further evidence that in
the nanostructure embedded photoanodes charge carriers generated near the surface of the
TiO, are primarily enhanced by the intense electromagnetic fields of the proximal plas-
monic nanostructures. This effect is further augmented in the photoanodes integrated with
Au-Ag@Si0,-NSs giving rise to higher photocurrent densities as a function of incident

light intensity relative to the photoanodes with Au@SiO,-NPs.

2.4 Conclusions

We compared the plasmon enhanced photocatalytic water splitting capability of Au-Ag
bimetallic nanostructures with monometallic Au nanoparticles incorporated in mesoporous
TiO, photoanodes. Bimetallic nanostructures embedded photoanodes demonstrated sig-
nificantly improved photocurrent densities relative to those with Au nanoparticles. Our
experiments and simulations attribute these enhancements to the dual plasmon resonance
of bimetallic nanostructures resulting in broadband absorbance of incident light across the
visible and near-infrared, large electric field enhancements localized on the edges and cor-
ners of the nanostructures, and large scattering cross-sections resulting in enhanced optical

absorption in the TiO, photoanodes. These near-field and far-field properties of bimetal-
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lic nanostructures collectively result in an increased e /h™ pair generation at the surface
of the vicinal TiO, particles; these charge carriers can subsequently separate and migrate
to the semiconductor/electrolyte interface initiating photochemical reactions. We also ob-
served to achieve similar photocurrent enhancements three orders of magnitude less wt.%
of bimetallic nanostructures was required relative to Au nanoparticles in TiO, photoanodes
demonstrating that bimetallic nanostructures will ultimately enable thin film solar devices
with enhanced efficiencies. Beyond water splitting, these bimetallic-semiconductor hybrid
architectures can be generalized to a range of applications including solar cells, solid-state

sensors, light induced CO;-to-fuel conversion, and photodetectors.

2.5 Methods

A. Nanostructure Synthesis. AuNPs were prepared via a potassium carbonate reduction
method.[46] A solution containing 250 mL of Milli-Q water, 3.75 mL of 1% chloroauric
acid and 6.25 mg of potassium carbonate was allowed to age in a dark place for two days.
After aging, 1.25 mL of 27% aqueous formaldehyde was added to the solution under rapid
stirring. The solution was allowed to react for approximately 15 minutes, or until it turned
orange/brown showing scattering from AuNPs. The peak plasmon resonance was at 550
nm. Au-Ag NSs were prepared via a seed mediated growth process.[30] Au seeds were
prepared by adding 0.6 mL of freshly prepared and ice cold 10 mM NaBH, to an aque-
ous solution composed of 7.5 mL of 100 mM cetyltrimethylammonium bromide (CTAB),
2.75 mL milli-Q water (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,0. The 20 mL of diluted seed solution was added to the growth solution, mixed gently

by inversion, and then left undisturbed at 35 °C for 5 hours. The Au nanocrystal suspen-
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sion was centrifuged at 1100 RCF for 12 minutes (x 3) and washed and soaked in 20 mM
cetyltrimethylammonium chloride (CTAC) for 15 minutes. The Au nanocrystals were then
redispersed in 333 uL of H,O for use as precursor solution for Ag growth. Typically, 200
uL of precursor solution and 50 puL 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 mM AgNO3
and 150 mL of 100 mM ascorbic acid. The solution was mixed gently by inversion and left
undisturbed at 65 °C for one hour.

B. Nanostructure Silica Coating. Silica coating for both AuNPs and Au-Ag NSs was
accomplished by a modified procedure in the literature.[47] A sodium silicate solution was
freshly prepared before use by adding 2 mL of 27% sodium silicate solution to a 100 mL
beaker while stirring, in addition to 60 mL of 0.1 M HCI and 40 mL milli-Q water. The
resulting solution of 0.54% sodium silicate was adjusted to pH 10.2 with 5 N HCI. Next,
18.3 uL of APTES (97 wt%) is added to 100 mL H;O and stirred briefly. As prepared
nanoparticle solution (30 mL) was added to a 50 mL round bottom flask, in addition to
400 uL of freshly prepared APTES solution, and stirred for 15 minutes. Sodium silicate
solution (1.4 mL) was then added to the nanostructure suspension, which was then placed in
an oil bath at 90 °C for eight hours. After the reaction reached the desired growth thickness,
it was quenched in an ice bath for 15 minutes, followed by a 15 minute centrifuge at 1500
rcf (x2)

C. Nanostructure Characterization. A Varian Cary 5000 UV-vis NIR spectrophotome-
ter (Agilent Technologies) with dual beam capability was used to measure the extinction
of the AuNPs and Au-Ag NSs in aqueous media using a 1 cm path length cuvette. The
nanoparticle size, geometry, and composition were characterized using an FEI Osiris TEM
at 200 keV. Nanostructure concentrations were determined by performing thermogravimet-
ric analysis on Instrument Specialist’s TGA-1000; all nanostructures were heated to 600
°C at the rate of 20 °C/min.

D. Anode Fabrication. FTO glass (MTI) was cutinto 1~ x 1/2” pieces and cleaned via suc-
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cessive 30 minute sonication cycles in [PA/Acetone with 1% Triton-X and then IPA/Ace-
tone, followed by a thorough drying with nitrogen. A solution was prepared with 3 mL
ethanol, 0.1 g of P25 and varied amounts of metal nanostructures; the solution was spin
coated onto the substrate for 30 seconds at 600 rpm, followed by 60 seconds at 800 rpm.
Following spin coating, anodes were annealed at 450 °C for 45 minutes to ensure that TiO»
was fully converted to anatase phase.

E. Electrochemical Measurements and IPCE. Photocatalytic water splitting capability
of anodes was tested over a potential range of -1 to 1 V at a scan rate of 50 mV/s under AM
1.5G illumination (100 mW/cm?) with a Newport solar simulator and power supply. An
average area of 0.2 cm? was illuminated. Electrochemical measurements were conducted
in a three electrode setup. A Pt foil was used as the counter electrode, Ag/AgCl was used
as a reference electrode. A MetroOhm PGSTAT101 potentiostat was used for all electro-
chemical measurements. Incident photon to charge carrier efficiency (IPCE) measurements
were conducted with a Newport system with a 300 W Xe light source, monochromator, and
Si detector.

F. Electrodynamic Simulations. Finite difference time domain (FDTD) simulations were
performed using commercial Lumerical software. Simulations were performed on single
particles in water as the surrounding medium using a total-field scattered-field (TFSF) plane
wave source and a 7 angstrom mesh. The simulated Au-Ag nanocube had a 50 nm Au core
and a 12.5 nm Ag shell. The simulated Au-Ag nanopyramid had a 60 nm edge length for
the Au core and a 20 nm thick Ag shell. The simulated Au nanosphere had a diameter of

85 nm.
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Chapter 3

PLASMON ENHANCED P3HT:PCBM ORGANIC PHOTOVOLTAICS

3.1 Summary

In this chapter, we investigate plasmonic enhancement in poly(3-hexylthiophene):phenyl-
Ce1-butyric acid methyl ester organic P3BHT:PCBM organic photovoltaics (OPVs) by inte-
grating shape- and size-controlled bimetallic gold core silver shell nanocrystals (Au-Ag
NCs) into the PEDOT:PSS hole transport layer. We observed the best performing Au-Ag
NC incorporated OPVs improved the power conversion efficiency by 11% via broadband
increase in photocurrent throughout the visible spectrum. Our experimental and compu-
tational results suggest that the observed photocurrent enhancement in plasmonic OPVs
originates from both enhanced absorption, and improved exciton dissociation and charge
collection. This is particularly achieved by placing metal nanocrystals near the interface
of the active layer and hole transport layer. The impedance spectroscopy results also sug-
gest that Au-Ag NCs reduce recombination and also increase the internal exciton to carrier

efficiency by driving the dissociation of bound charge transfer states to free carriers.

3.2 Introduction

Thin film organic photovoltaics (OPVs) have emerged as a promising alternative to
inorganic PVs due to inexpensive fabrication and processing techniques. Whereas a few
low band gap polymers with competitive efficiencies are viable competitors in the solar
market,[1, 2, 3] the power conversion efficiencies (PCE) of OPVs remain low relative to
market-leading inorganic PVs such as Si, CdTe, or CulnGaSe;.[4] A number of factors
impact the performance of the OPVs including photon absorption, carrier generation, and

carrier collection. The contribution from each of these factors can be understood from the
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external quantum efficiency (EQE) expression, which is the wavelength dependent metric
for photon to charge carrier efficiency. The expression for EQE is given by: EQE(A) = 1y
X MNgen X MNeol1 Where Mgy, 1s the ratio of absorbed light to incident light, 1y, is the ratio of
photoexcited excitons that are converted to free carriers, and 7.,;; 1s the carrier collection
efficiency at the electrodes.[5, 6, 7] In the archetypal OPYV, charge separation is facilitated
by bulk heterojunction (BHJ) active layers where the high interfacial area between the
continuous veins of electron donor polymers and electron acceptor molecules provides the
driving force necessary for the generation of free carriers via the separation of charge trans-
fer excitons.[8, 7] High efficiencies in OPVs are ultimately limited by charge transport and
recombination (7.;), however locally improving the light absorption (1,s) and charge
generation rate near the collection interface has the potential to improve PCE. Recent ap-
proaches to increasing PCE in OPVs have emphasized improving 7ge, via the modifica-
tion of the BHJ architecture,[9, 10, 11] as well as to enhance 1n,;, by designing organic-
inorganic hybrid devices,[12] tandem junctions,[9, 13] and incorporating metal nanocrys-
tals that support surface plasmons.[14, 15, 7] Augmentation of light harvesting in OPVs has
been achieved by embedding colloidal metal nanocrystals in the active layer[16, 17, 18, 19]
and the poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) hole trans-
port layer.[20, 21, 22, 23, 7] While metal nanocrystal enhanced OPVs have attracted signif-
icant interest and resulted in 5-50 % increase in photocurrents,[23, 24, 25, 26] the precise
origin of plasmonic enhancement in OPVs has remained elusive, and has been primarily
correlated to improved absorption.

In this work we demonstrate that BHJ OPVs integrated with gold core-silver shell
nanocrystals (Au-Ag NCs) show both increased absorption via light scattering and en-
hanced local electromagnetic fields, as well as electric field assisted exciton dissociation
in the OPVs. Au-Ag NCs enhanced OPVs show an 11% increase in efficiency relative to
the reference devices from 2.15% to 2.39% on average. Our experimental and theoretical

analyses support that the observed enhancements in photocurrent are collectively driven

56



by increases in Ngps, Ngen, and Ny The contribution from Ng,,, and 7, can be under-
stood from the origin of Frenkel-type excitons in conjugated polymers. Photoexcitation of
poly(3-hexylthiophene) (P3HT) gives rise to Frenkel excitons where the Coulomb binding
energy restricts the electron-hole separation to ~2 nm with binding energy in the range
of 0.4-1.0 eV which is above the threshold for dissociation.[27, 28] The unique geometry
driven optical properties of Au-Ag NCs give rise to strong electric fields in the vicinity of
the nanocrystals which extend to tens of nanometers. These strong electric fields improve
the absorption (7n,p,) near the P3HT:PCBM/PEDOT:PSS interface, as well as enhance the
conversion of bound Frenkel-type charge transfer excitons to free carriers subsequently
improving 7ge, and the overall photocurrent. Our proposed mechanism is supported by
recent studies which describe that non-equilibrium hot excitons at the donor/acceptor inter-
face in BHJ architectures contribute strongly in carrier generation.[29, 30] This motivates
our work where we demonstrate plasmonic enhancement in BHJ OPVs is catalyzed by in-
terplay between charge transfer excitons and surface plasmons, and is not simply a result of
improved light absorption. We have combined optical and optoelectronic characterization
to study and understand the performance Au-Ag NC incorporated OPVs. Experimental
observations are supplemented with a 3D finite-difference time-domain (FDTD) model to

support our hypothesis.

3.3 Results and Discussion

OPVs were fabricated by adapting a standard procedure from the literature;[15] details
are available in Section 3.5. We note that our relative low efficiencies are primarily a
result of using low molecular weight P3HT (Mn = 15,000-45,000, Sigma 698989), and our
efficiencies are typical for this molecular weight.[31] Au-Ag NCs were embedded in the
70 nm thick PEDOT:PSS hole transport layer of the OPVs. Embedding the nanocrystals
in the hole transport layer minimizes any change in the morphology of the active layer and

prevents introducing defects that can be detrimental to OPV performance.[32] The 140 nm
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Figure 3.1: (a) Representative extinction spectrum of Au-Ag NCs in aqueous media. (b)
Representative TEM image of Au-Ag nanocrystals showing both nanocubes and nanopy-
ramids. (c) Power conversion efficiency as a function of Au-Ag NC concentration. The
error bars represent 16 devices. (d) Current density vs. potential (J-V) curves for OPVs at
different Au-Ag NC particle densities where the numbers refer to no. of particles/sm?.

thick active layer is composed of poly(3-hexylthiophene):phenyl-C61-butyric acid methyl
ester (P3BHT:PCBM). The plasmon resonance of Au-Ag NCs spans the visible spectrum
(Figure 3.1a), which is ideal for OPVs where a broadband response results in increased
light capture.

A representative TEM image of Au-Ag NCs features two distinct geometries (Figure
3.1b), bimetallic nanocubes and nanopyramids. The origin of these shapes lies in the syn-
thesis process and is described in detail in Chapter 2. The plasmon mode at 530 nm is
attributed to the dipole mode of the nanocubes, and at 630 nm is contributed by the dipolar
resonance of the nanopyramids.[33, 34] The sharp corners and edges of Au-Ag NCs gen-
erate strong local fields that extend up to 30 nm nanometers from the surface of the Au-Ag

NCs (Figure 3.2). These intense fields are a result of charge accumulation at the corners
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Figure 3.2: Simulated intensity of radiative field as a function of distance from the particle
in a water background averaged over the X, y, and z planes bisecting the respective particles.

and edges of Au-Ag NC described as the lightning-rod effect, which is frequently observed
in non-spherical nanostructures.[35, 36, 37]

The PCE of OPVs is enhanced by 11% upon integrating Au-Ag NCs in the PEDOT:PSS
layer (Figure 3.1c). The concentration of Au-Ag NCs was varied in the PEDOT:PSS solu-
tion before spin coating to determine the effect of the nanocrystal density on PCE enhance-
ment. The particle density was confirmed by examining the PEDOT:PSS layer in SEM and
counting the number of Au-Ag NCs per area (Figure 3.4). The effect of Au-Ag NC con-
centration on the fill factor (FF), short circuit current density (Js.) and open circuit voltage
(Vo) are provided in Figure 3.3. The improvements in PCE were attributed to increased
current density in the presence of the Au-Ag NCs, which peaks at an area density of 0.25
x 10° particles/mm?, as shown in the J-V curves in Figure 3.1d.

The trend observed in PCE closely resembles the trend in J;. which likely results from
two primary effects: (i) increased overall light harvesting in the active layer (1,,), and (ii)
increased exciton separation to collected carrier efficiency (Mgen + Mcon)- At high concen-

trations of Au-Ag NCs the PCE is reduced due to the formation of nanoparticle aggregates
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Table 3.1: Average P3HT:PCBM device characterization parameters

Concentration (#/.Lmz) FF | Voo (V) | I (mA/cmz) PCE (%) | Champion PCE (%)
0 0.59 | 0.57 7.69 2.58 2.85
0.05 0.60 | 0.56 7.62 2.55 2.82
0.25 0.59 | 0.56 8.47 2.80 3.10
0.37 0.57 | 0.56 8.33 2.66 2.86

that increase recombination losses. All device performance parameters are provided in
Table 3.1.

To understand the origin of the photocurrent enhancement, we compared the EQE of a
reference OPV (no nanocrystals) to that with optimum Au-Ag NCs concentration (Figure
3.5a). The average EQE enhancement of 10% agrees with the 11% enhancement found in
PCE. The normalized EQE in Figure 3.5b suggests that the photocurrent enhancement in
the presence of Au-Ag NCs is broadband throughout the visible region and does not show
any spectral dependence overlapping with the Au-Ag NC plasmon resonance (Figure 3.1a).

The broadband enhancement is attributed to plasmon red-shift of Au-Ag NCs spanning
the visible and near-infrared and spectral broadening in the presence of PEDOT:PSS.We
measured the extinction of the plasmon-enhanced devices relative to the reference OPVs
(Figure 3.5¢c) and observed that the two spectra overlapped to within 0.1% when integrated
over the visible spectrum. This indicates that absorption contribution from the nanopar-
ticles when averaged over the entire cross section of the active layer is minimal; how-
ever, we find that in the presence of the Au-Ag NCs, the electric field preferentially in-
creases near the PEDOT:PSS interface where charge collection occurs. Simulations (Figure
3.8) clearly demonstrate that plasmonic enhancement of ~35% is achieved localized at the
P3HT:PCBM/PEDOT:PSS interface averaged over the bottom 10 nm volume of the active
layer.

The lack of enhancement in the experiments (Figure 3.5¢) is because experimental ex-
tinction is bulk measurements accounting for the entire OPV. The spectrophotometer is not

sensitive enough to only focus at the P3BHT:PCBM/PEDOT:PSS interface and measure im-
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proved extinction at the interface. However, we note that the strong radiative properties of
the Au-Ag NCs, both attributed to the size and the presence of the Ag layer, are the driving
force for the observed enhancement in EQE and J-V curves.[34, 37] To demonstrate this,
we also incorporated Au nanocubes (Figure 3.6a) without any Ag layer into devices. Au

nanocubes have narrow spectral resonance relative to Au-Ag NCs (Figure 3.6), and are pri-
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Figure 3.4: Scanning electron micrographs of Au-Ag doped PEDOT:PSS on ITO for (a)
reference sample, (b) 0.05% doping, (c) 0.25% doping and (d) 0.40% doping. Scale bar
represents 1um.

marily absorbing rather than scattering (Figure 3.6¢). Due to their low scattering properties,
we observed a decrease in EQE relative to the reference (Figure 3.6d).

To further understand the origin of plasmonic enhancement, FDTD simulations were
performed to measure the spatially-dependent electric field enhancement in the OPV (Fig-
ure 3.8). In order to gain an understanding of the plasmonic radiative field strength of the
Au-Ag NCs at different locations in the OPV active layer, E-field monitors were placed
at the top, middle and bottom of the P3BHT:PCBM layer. These simulations demonstrate
three different effects across the OPV. First the simulations show Au-Ag NCs have sig-
nificant forward scattering into the active layer, with spatially dependent average electric
field intensity up to 18X the incident field over the wavelength range of 400 - 700nm.

A ~35% plasmonic enhancement is achieved in the OPVs localized within 10 nm of the
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spectra for control and Au Ag-enhanced OPVs.

P3HT:PCBM/PEDQT:PSS interface (Figure 3.8b,c bottom) which is within the electric

field decay length of the Au-Ag NCs. The near field decay length of Au-Ag NCs is within
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30 nm from their surface (Figure 3.2). Second a 13% increase in absorption is observed at
the top of the OPV (140 nm from the PEDOT:PSS interface) closer to the Al top electrode
which we attribute to back scattered light from the Al electrode increasing the light har-
vested by the OPVs. And third, in the middle of the OPVs (70 nm from the PEDOT:PSS
interface) there is a ~37% decrease in absorbance in the presence of the nanocrystals. This
decrease is because in the middle of the OPVs there is no effect from back-scattered light
from the Al top electrode and the electric fields from the Au-Ag NCs have already de-
cayed. Therefore light re-radiated from the nanocrystals (or Al electrode) does not reach
the middle of the OPV and instead we see parasitic effect that reduces the overall ab-
sorbance in the presence of the nanocrystals. Collectively the three effects correlate well
with the experimental enhancement of 11% observed in the PCE and J-V curves (Figure
3.1c,d) and EQE (Figure 3.5a) from the plasmonic devices. But we anticipate the increase
in absorption at the interface of the active layer and hole transport layer likely contributes
to the increased photocurrent, as the carrier generation profile is strongly skewed towards
the illumination side of the device. It has been proposed by Fung et.al.[14] that increased
roughness at the PEDOT:PSS/P3HT:PCBM interface due to incorporation of nanoparticles
could increase the interfacial area for charge separation, thereby increasing PCE. Atomic
force microscopy (AFM) scans (Figure 3.7) indicate that the average roughness at the in-
terface is <1 nm in both reference and nanocrystal incorporated samples, and is unlikely
contributes to performance enhancement.

To further understand plasmonic enhancement in OPVs by Au-Ag NCs we performed
electrochemical impedance spectroscopy (ELS). Nyquist plots of reference OPVs and best-
performing Au-Ag NC embedded OPVs at particle concentration of 0.25 nanocrystals/gm?
are shown in Figure 3.9a. The Nyquist plots are fit to an equivalent circuit model (Figure
3.9b) which has four components: series resistance (R;), recombination resistance (R;),
contact capacitance (C.), and Gerischer impedance (G). G represents diffusion of sepa-

rated charges. The high frequency region shown in the Nyquist plot is attributed to R, and

65



. »
. . L
" . .
. . ' 2 » | 26
. M .
a5 . ¢S | 24
: ’ .
L r - . . K 3
. e “wli ¢ |
L - r. 18
. . 16
| . 3 - . .
. . -
- . . r .
. . . * . .
. , . > . .
» . . h Y [
- -
. . . . .
. . i 1
. 4 b . e
m . > A 3 . 5 pm

Figure 3.7: Atomic force micrographs of (a) the control and (b) the optimum concentration
Au-Ag doping in PEDOT:PSS.

C. owing to charge buildup between P3HT:PCBM active layer and its adjacent contacts
including the PEDOT:PSS hole transport layer, and the LiF electron transport layer. Ac-
cording to circuit model fits, Au-Ag NC integration did not significantly alter the R, relative
to the reference OPVs but lowered R, (24% decrease), C. (25% decrease), and Gerischer
impedance, G, (82% decrease).

The fit parameters are included in Table 3.2. These results indicate that bimetallic
nanocrystals decrease carrier recombination and promote diffusion across the PEDOT:PSS
layer improving the charge generation and collection efficiency (Ngen + Mcour)- Bode phase
plots were used to examine the behavior of charged species within the reference and plasmon-
enhanced OPVs at different particle concentrations of Au-Ag NCs (Figure 3.9c). The Bode
phase peak frequency decreases as Au-Ag NC concentration increases. The phase repre-
sents the shift of the input phase; the frequency at maximum phase shift these OPVs is
proportional to the inverse of the electron lifetime. Equation 3.1 shows the relationship

between frequency at peak phase shift and carrier lifetime.[38]

1

Teff = ﬁ (31)

The effective lifetime of carriers, 7,77, decreases from ~4.0 us to ~2.5 us with the
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(b) Cross sections perpendicular to the k-vector of the top, middle, and bottom sections
of the active layer. (c) Calculated absorbance spectra corresponding to the cross-sections
shown in (b) showing a 13% increase in absorbance at the top of the OPV, a 35% increase
near the PEDOT:PSS/P3HT:PCBM interface, and a 37% decrease in absorbance in middle
of the OPVs.
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Table 3.2: P3HT:PCBM OPYV circuit model fits

R; (Q) | Rpec () | Cc (nF) | G (mMho)
Control 63 144 41 39
Optimal Au-Ag 65 120 30 0.7
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addition of Au-Ag NCs (Figure 3.9d). We attribute the decrease in 7,7y to two distinct
factors resulting the presence of the Au-Ag NCs and subsequent enhanced electric field:
i) increased carrier generation and ii) decreased carrier diffusion length. As is shown in
Figure 3.8, the presence of Au-Ag NCs causes regions of intense electric field, which in
turn creates carrier concentrations higher than in reference cells, leading to increased prob-
ability for carrier collision, a phenomenon that has been previously demonstrated in the
literature.[39] Additionally, because the electric field is distorted such that charge gener-
ation is concentrated near the P3HT:PCBM/PEDOT:PSS interface with the presence of
Au-Ag NCs (Figure 3.8), the required diffusion length to carrier collection is shortened,
thus the free carrier lifetime decreases. This is in agreement with the decrease in Gerischer
impedance in the presence of the nanocrystals, which is representative of diffusion of sep-
arated charges across the hole-transport layer.

Based on our experimental and simulated results, our hypothesis is the strong electric
fields generated by Au-Ag NCs collectively improve absorption efficiency (1), carrier
generation efficiency (7g.,), and charge collection efficiency (7)) in our system. Strong
electric fields in conjugated polymers have been shown to be capable of providing sufficient
driving force for exciton dissociation,[40, 41, 42] yet this concept has not been emphasized
in plasmonic OPV systems. To further understand the origin of the enhanced performance
of the Au-Ag NC incorporated devices, we analyzed the photocurrent of the reference and
best plasmonic device (Figure 3.10) as a function of the effective potential (V).[23] Figure
3.10 shows a plot of the photocurrent density (J,;, = Jyark - Verr) at AM 1.5 illumination
versus the effective voltage (Vs = Vo - Vi), where Vj is the potential where J;q; equals
zero, and V/, is the applied potential (Figure 3.10a). This plot was used to calculate the max-
imum exciton generation rate, J,,, which is given by Gyax Jsar = GGmaxL, Where Jy4 1s the
saturated or maximum J,, that is obtained at higher potential, g is the electronic charge, and
L is the active layer thickness. Jy,; for our reference and plasmonic devices was 72 A/m?

and 77 A/m?2, respectively, and resulted in G,y values of 3.21 x 10’ m3s~! and 3.43
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Figure 3.9: Electrochemical impedance spectroscopy of the OPVs. (a) Best performing
Au-Ag NCs enhanced and reference Nyquist plots fitted to a circuit model shown in (b).
(c) Bode phase plots of OPVs with increasing Au-Ag NCs particle concentration. The
numbers in bracket correspond to no. of particles/uum. (d) Carrier lifetimes of reference
and Au-Ag NC enhanced OPVs calculated from the frequency at peak phase shift in the
Bode plots in (c). Error bars represent n = 3 measurements per sample.
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Figure 3.10: (a) Photocurrent density versus effective potential for reference and best plas-
monic device. (b) Probability for exciton dissociation versus effective potential for refer-
ence and best plasmonic device.

x 10%7 m—3s™!, respectively. Since ¢ and L are constant among both devices, this 6.4%
improvement in G,y from reference to plasmonic OPVs indicates a direct enhancement in
exciton generation in the active layer. We also calculated the exciton dissociation probabil-
ity, P(E, T ) which simply provides a measure of effective charge separation (Figure 3.10b).
P(E,T) was calculated at the short-circuit condition (V, = 0), where J,,, = ¢GaxP(E, T )L.
We calculated that J,,, at V,, = 0 was 67.7 mA/cm? and 74.5 mA/cm? resulting in P(E, T)
of 94% and 97%, for the reference and plasmonic devices, respectively indicating that
the presence of the nanocrystals increased the dissociation of excitons into free carriers.
These P(E,T) values correlate well with those observed in literature and supports our ini-
tial hypothesis that the observed enhancements in photocurrent are collectively driven by
increases in Nyps, Ngen» and Neoyr.[23, 24]

The presence of Au-Ag NCs in our BHJ OPVs not only improves the absorption (1,5s)
near the P3HT:PCBM/PEDOT:PSS interface but also promotes dissociation of Frenkel-
type charge transfer excitons in P3HT. Upon photoexcitation of the P3HT:PCBM active
layer, a tightly bound exciton with a diffusion length of 10 nm is formed.[6] In the ref-
erence OPVs, free carriers are formed when the exciton diffuses to the donor/acceptor

interface and sufficient energy is available for charge separation. In the Au-Ag NC in-
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corporated OPVs, two effects simultaneously impact the performance: (i) strong radiative
enhancement contributed by the intense near-fields and light scattering from the Au-Ag
NCs localized within 10 nm of the interface of the active layer and hole-transport layer,
as shown in our simulated results (Figure 3.8). This 35% increase in absorbance increases
absorption efficiency (1,,s) concentrated near the interface of the active layer and hole
transport layer, (ii) Enhanced exciton dissociation near a charge collection interface - the
strong electric fields of Au-Ag NCs in the vicinity of the nanocrystals increase the proba-
bility for the dissociation of charge transfer excitons in P3HT, improving the photoexcited
exciton to carrier generation efficiency (1g.,). These separated electrons and holes are in
the proximity of the hole conductor, PEDOT:PSS, which facilitates efficient charge collec-

tion efficiency (Ncos1)-

3.4 Conclusions

In summary, we have fabricated plasmon enhanced P3HT:PCBM OPVs by embedding
bimetallic Au core Ag shell nanocrystals in the PEDOT:PSS hole transport layer. Power
conversion efficiency improved by 11% relative to the reference at the optimized concen-
tration of Au-Ag nanocrystals. Our experimental and simulated results suggest that Au-Ag
NCs result in broadband enhancement in the visible and near-infrared spectrum due to
improved absorption and increased charge separation, where strong electric fields of Au-
Ag NCs assist in separating bound Frenkel-type excitons. EIS measurements support our
hypothesis that plasmonic enhancement in our system also results from increased inter-
nal exciton to carrier efficiency and increased charge collection, in addition to increased
photon to carrier efficiency. We envision that by carefully controlling the interplay be-
tween surface plasmons and charge transfer excitons, metal nanostructures can be designed
to have dual roles - as light harvesters which will improve 1, and as driving force for
exciton dissociation and carrier collection which will improve 7ge, and 1.,. Energy up-

conversion via plasmon-exciton coupling may play a role in increasing absorption of low
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energy light in conjugated polymers, and could be potentially explored in future. We antici-
pate that this work will provide design rules for the fabrication of plasmonic OPV's with im-
proved efficiencies, reduced recombination, and better carrier collection efficiency across
the charge transport layers. These enhancements controlled by electric fields of shape- and
size-controlled plasmonic nanostructures will ultimately enable thin-film, flexible devices

viable for large-scale manufacturing and integration

3.5 Methods

All chemicals were purchased from Sigma-Aldrich unless noted otherwise; all water
was nanopure from a Milli-Q Direct-Q 3UV system. All work conducted under inert atmo-
sphere was conducted in a nitrogen environment in an M-Braun LabStar glovebox (<0.5
ppm O»). Thermal evaporation was conducted on an Angstrom Amod system.

NC Synthesis. Bimetallic NCs were synthesized by the procedure reported in Section 2.5
and consisted of three steps: seed growth, Au nanocube growth, and Ag capping layer
growth.

Seed Solution. A solution of 2.75 mL water, 7.5 mL 100 mM cetyltrimethylammonium
bromide (CTAB), and 250 uL. 10 mM HAuCl, were added to a 10 mL glass vial, mixed
by inversion, and placed in a 35 °C water bath for temperature equilibration. After 10 min,
600 uL of ice cold, freshly prepared 10 mM NaBHy4 solution was injected with vigorous
stirring, followed by 1 min of stirring before being returned to the 35 °C water bath for 1 h
undisturbed.

Au Nanocube Growth. The seed solution was removed from the water bath and reduced
10x with water. Next, in a 50 mL vial, 6.4 mL 100 mM CTAB, 800 uL 10 mM HAuCly,
3.8 mL 100 mM ascorbic acid, and 20 uL diluted seed solution were added and mixed by
inversion. The vial was then placed in a 35 °C water bath and allowed to sit undisturbed
for 5 h.

Ag Capping Layer Growth. Au nanocubes (7.5 mL) were centrifuged at 1100 rcf for 15
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min, the supernatant removed and the pellet redispersed in 3.75 mL of 20 mM hexadecyl
trimethylammonium chloride (CTAC) and allowed to sit for 15 min. The centrifugation
and redispersal step was repeated two additional times; however, on the final redispersal,
the pellet was combined with 500 uL. water, rather than a CTAC solution. Next, 20 mL
20 mM CTAC, 800 uL concentrated Au nanocubes from the previous step, and 200 uL 10
mM KBr were combined in a 50 mL vial and placed in a 65 °C water bath. After 10 min,
the vial was removed from the water bath and mixed by inversion with 220 uL of 10 mM
AgNO3 and 600 uL 100 mM ascorbic acid. Finally, the vial was placed in a 65 °C water
bath for 2 h. The colloid was stable for up to 60 days in the dark at 2 °C.

Device Fabrication. ITO glass (150 nm, <10 ARMS roughness) was purchased from Thin
Film Devices Inc. Phenyl-Cg;-butyric acid (PCBM) was purchased from Rieke Materials,
and P3HT was from Sigma-Aldrich (698989). OPV fabrication was adapted from a pro-
cedure in the literature.[43] One inch ITO glass squares were cleaned with acetone and
1sopropanol and dried with nitrogen, followed by air plasma treatment for 10 min to re-
move any organic residue. Next, a solution of PEDOT:PSS was filtered through a 0.45 um
PVDF filter and concentrated Au-Ag NCs were spin coated onto the cleaned substrates at
1500 rpm for 60 seconds and dried at 120 °C for 10 min, then transferred to an inert en-
vironment. Under inert atmosphere, 20 mg P3HT and 16 mg PCBM were combined with
720 pL dichlorobenzene and stirred at 125 °C for 30 min, then allowed to be stirred at
room temperature overnight. A 100 uL drop of P3HT:PCBM solution was spin cast onto
the PEDOT:PSS coated substrates at 500 rpm for 5 s and 2000 rpm for 13 s, followed by
immediate transfer to a dichlorobenzene environment until the film transitioned from bright
orange to dark red/purple. This solvent annealing step was essential for the formation of
the BHJ and dictates the charge separation and charge-transfer efficiency. The substrate
was kept in an inert environment and transferred to a vacuum evaporation chamber where
I nm LiF and 100 nm Al were deposited in 8 mm diameter circles via shadow masks.

Material Characterization. All optical spectroscopic measurements were carried out with
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a Varian Cary 5000 ultravioletvisible spectrophotometer. SEM and TEM were conducted
using a Zeiss Merlin and FEI Osiris, respectively. A Veeco Dektak 150 profilometer was
used for all layer thickness measurements. AFM was performed on a Bruker Dimension
Icon AFM.

Photoelectrical Characterization. All current-potential scans were conducted under AM
1.5G 100 mW/cm? illumination at a 10 mV/s scan rate using a MetroOhm Autolab po-
tentiostat. EIS was conducted with an amplitude of 10 mV over a frequency range of 103
10% Hz. Quantum efficiency measurements were conducted on a homemade setup using
a Fianum supercontinuum laser, a Thorlabs PM100D power meter, and a Keithley 2600
sourcemeter. To block any additional current via lateral charge transport, shadow masks
were used.

Electrodynamic Modeling. All electrodynamic modeling was carried out in Lumeri-
cal FDTD Solutions software with a simulation time of 500 fs and a spectral range of
400700 nm. The solar cell stack of ITO/PEDOT:PSS/P3HT:PCBM/AI had thicknesses of
100/70/140/100 nm, respectively. All metal/dielectric interfaces were contained in a 0.7
nm mesh grid. Dielectric parameters for all layers are available in the literature.[44, 45]
Figure 3.2 was generated by taking a slice from the center of the nanoparticles in the x, y,
and z planes and by averaging the enhancement of field intensity as a function of distance

from the edge of the particle. Further simulation details are available in Chapter 4.
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Chapter 4

COMPUTATIONAL INVESTIGATION OF PLASMON ENHANCED OPVS

4.1 Summary

In this chapter, we use optical and electrical simulations to investigate silver nanosphere
enhanced PCDTBT:PCBM OPVs. We find that in addition to improving light absorption
in the visible region (A = 450-650 nm), the spatial electric field distribution in the light
absorbing layer is altered with the presence of Ag nanospheres adjacent hole transporting
layer. Our results are in agreement with results in Chapter 3, where overall power conver-
sion efficiency in an OPV is improved as a result of improved transport despite the overall
light absorption in the active layer decreasing. This chapter provides a framework to guide
simulations and experiments for further optimization of plasmon enhanced organic photo-

voltaics in the future.

4.2 Introduction

In this chapter, we use computational methods to quantitatively investigate the mech-
anism of plasmonic metal nanostructures for radiative enhancement of thin film poly[2,6-
(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b’ |dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)]
(PCPDTBT):[6,6]-phenyl Cg; butyric acid methyl ester (PCBM) OPVs. Due to its poor ab-
sorption in the visible spectrum (450-650 nm) typically, PCPDTBT is used in tandem solar
cells in conjunction with another polymer, however in this chapter we investigate the use
of a plasmonic nanoparticle sensitizer to improve the full spectrum light absorption. As
we discuss briefly in Chapter 3, purely optical simulations are not sufficient to describe
the enhancement effects in plasmon enhanced organic photovoltaics. Possible mechanisms

for enhancement of OPVs via the incorporation of plasmonic nanoparticles have been sug-
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gested, including hot carrier injection,[1] plasmon-exciton coupling,[2, 3] and purely opti-
cal enhancement.[4, 5, 6] As discussed in Chapter 3, improved performance in a variety of
thin film OPV systems via plasmon enhancement has been observed, however the precise
mechanism by which enhancement occurs merits further investigation. Likely, plasmon
enhancement in organic photovoltaics results from a combinatorial effect resulting from
improved absorption and in certain cases plasmon-exciton coupling and hot-carrier injec-
tion. In transport a limited system, distortion of the electric field such that enhancement
occurs near active layer - hole conductor interface may lead to improvement of the power
conversion efficiency because the system is no longer transport limited due to the high
concentration of minority carriers near the interface; even in the case that the overall light
absorption in the active layer is not improved. The overall power conversion efficiency,
which we is proportional to the wavelength dependent external quantum efficiency (EQE)

goes according to the following relation:[7, 8, 4]

EQE()L) = Nabs X Ngen X Ncoll 4.1)

Where 145 is the ratio of absorbed light to incident light, 7g,., is the ratio of pho-
toexcited excitons that are converted to free carriers, and 7., is the carrier collection
efficiency at the electrodes. According to relation 4.1, we cannot solely pay attention
to increased absorption of light to justify improvements in EQE, but must also take into
effect the exciton generation efficiency as well as the charge collection efficiency. This
chapter is divided into two parts: i) Simulation of plasmonic nanoparticles for radiative
enhancement of PCPDTBT:PCBM OPVs, and further optical simulation of plasmonic
nanoparticles embedded in the hole conducting layer of a PCPDTBT:PCBM OPYV, and
ii) electrical simulation of plasmon enhanced PCPDTBT:PCBM OPVs. Optical simula-
tions are carried out using the Lumerical’s finite-difference time-domain (FDTD) optical
solver, and electronic simulations are carried out using the general-purpose photovoltaic

device model (GPVDM). Plasmon enhanced PCPDTBT:PCBM OPVs represented in Fig-
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Figure 4.1: (a)Sketch of plasmon enhanced OPV system. (b) Simulation schematic of
plasmon enhanced OPV setup.

ure 4.1 are based on systems in which enhancement has been observed experimentally in

the literature.[9, 6]

4.3 Results and Discussion

In the PCDTBT:PCBM system, the hole mobility is an order of magnitude larger than
the electron mobility - indicating that it is hole-limited, therefore the presence of AgNSs
near the hole collection layer may provide an avenue to enhancement through the distor-
tion of the electric field concentration and subsequent generation rate. Silver nanospheres
(AgNS) are particularly suited for use in buffer layer enhancement of OPVs because i) Ag
has relatively low losses when compared with other potential plasmonic metals(Au) (Fig-
ure 1.5), ii) AgNS are easily fabricated by colloidal synthesis, and iii) the resonance of Ag
overlaps with the absorbance of PCPDTBT in the visible spectral range. Absorption and
scattering are calculated in Lumerical FDTD solutions using the total-field scattered-field
(TESF) incident light source, as shown in Figure 4.3.

The function of the TFSF source is to inject a source frequency (in this case a pulse
spanning the 350-800 nm frequency range) into a specific simulation volume where it in-

teracts with a nanostructure. The injected incident field is then removed outside the TFSF
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Figure 4.2: Total Field Scattered Field (TFSF) schematic.

boundaries, allowing us with a simple energy balance (scattering monitor) to measure the
scattering cross section by calculating the net energy that crosses the scattering monitor
boundary. Additionally, we calculate the absorption cross section using the absorption
monitor, which records and calculates the net power that enters the nanoparticle boundary
but is not re-radiated away from the nanoparticle. As discussed in Chapter 1, absorbed light
may be converted to heat or hot carriers, however, the optical model we employ does not
take into account hot carrier generation. Hot carrier generation is more prevalent in smaller
nanostructures (<50 nm), as the mean free path of free carriers in Au and Ag is on the
order of 50 nm.[10, 11, 12]

As the radius of the AgNS increases (Figure 4.3a), two notable effects occur i) The
extinction spectrum red-shifts due to phase retardation effects i.e. the plasmon oscillation
slows as a result of a larger volume and ii) the ratio of scattering to absorption increases
as the volume increases due to the r® scaling, as discussed in Chapter 1, Equation 1.1 and
shown in Figure 1.4. We limited the nanosphere radius to 25 nm in order to fit within
the spatial limitations of the hole transport layer, which is typically <60 nm in thickness.

The absorption and scattering cross sections of the 25 nm AgNS are shown in Figure 4.3b,
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the scattering overlaps with poor absorption of PCPDTBT (Figure 4.3c) and will serve to
enhance the electric fields in the vicinity of the nanoparticle. Because we are primarily
interested in the optical effects of adding plasmonic nanoparticles to the buffer layer of
an OPYV, absorbed light is not accounted for in our simulations, additionally, absorption is
minimal in comparison to scattering.

We conducted optical simulations of nanoparticles embedded into the hole transport
layer of a PCPDTBT:PCBM OPV with a layer structure of 150 nm ITO/60 nm PEDOT:PSS/100
nm PCPDTBT:PCBM/10 nm ZnO/100 nm Al. The structure was adopted as a hybrid from
the body of literature in plasmon enhanced OPVs, and is realistic for a high performance
OPV.[9, 6] Optical coefficients for standard materials used in our model were taken from
Lumerical’s materials database, and coefficients for the active layer were adapted from the
literature.[13, 14, 15] The simulation setup is shown in Figure 4.1, and constitutes an AgNS
embedded in the hole transport layer (PEDOT:PSS), where radiated fields reach into the ac-
tive layer and modulate absorption in the active material. Periodic boundary conditions are
used in the lateral direction, as they provide a feasible route to realistic large scale simu-
lations of thin film PVs. While it is unlikely that ordered arrays of nanoparticles, as are
represented by periodic simulation boundary conditions, could cheaply and effectively be
realized in large scale devices experimentally, it has been shown in other thin film systems
that periodic structures do not necessarily present any advantage over random arrays, and
the periodic results approximate the real world system.[16, 17] Perfectly matched layer
(PML) absorbing boundary conditions are used in the z-dimension to simulate dissipation
into free space (i.e. to avoid internal reflections which introduce error into the simula-
tion). Upon simulation convergence, the electric field concentration in the active layer is
recorded - this can be used to compute the spatially variant generation rate which can then
be imported into an electrical solver to simulate solar cell performance under real world
conditions.

We calculated the power absorbed (P,,) by the active layer as a function of wavelength
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Figure 4.3: (a) Extinction spectra of 5-25 nm AgNS, (b) Absorption and scattering profiles
of 25 nm AgNS and (c) the absorption of PCPDTBT .
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for two series’ of test: variable pitch (center-to-center distance between nanoparticles),
and variable nanosphere radius. The input power was the AM 1.5G solar spectrum (100
mW/cm?). The power absorbed in Figure 4.4 represents the fraction of power absorbed by
the active layer of the total power injected into the simulation, as a function of wavelength

or photon energy and is calculated according to Equation 4.2.

P = 0 |E*| & (4.2)

where o is the frequency, E is the electric field calculated via the FDTD method, and &
is the imaginary part of the dielectric constant of the active material. As would be expected
from absorption shown in Figure 4.3b, the power absorption minimum overlaps with the
minimum in the extinction coefficient in the spectral range of 450-650 nm. With the pres-
ence of all Ag nanospheres, we see a decrease in active layer absorption <450 nm, which
is compensated by an increase in absorption in the range of 450-650 nm. The decrease in
absorption is caused by the combination of the absorption cross section (photons that are
absorbed by the metal before they reach the active layer), and the portion of the scattering
cross section that essentially reflects incident light away from the active layer. Interest-
ingly, the increase in absorption in the active layer in the 450-650 nm range occurs at the
low energy end of the scattering cross section, where only a small amount of light is being
absorbed by the AgNS. The trend in Figure 4.4a goes as expected; smaller AgNS cause
less light blocking due to it’s overall small optical cross section, but increased absorption
in the active layer is minimized due to the nanoparticle’s small scattering cross section.

As the size of the AgNS increases, its extinction cross section increases, thus block-
ing more light from reaching the active layer in the high energy region of the spectrum,
however, the portion of the scattering cross section resulting from light scattering increases
in relation to the portion attributable to light absorption, thus increasing the light concen-
tration in the active layer in the 450-650 nm range of the spectrum. Figure 4.4b shows

the power absorbed vs. wavelength for 25 nm radius AgNSs in simulations with variable
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Figure 4.4: Power absorbed in plasmon enhanced PCPDTBT:PCBM OPVs sweeping over
(a) nanosphere size with a constant pitch of 4 x D and (b) nanosphere pitch with a constant
radius of 25 nm.

pitch from 2-10 (100 nm - 500 nm). At very low pitch, the light blocking overwhelms any
positive effects that the presence of the AgNS may have, at very high pitch, the increase in
absorption is minimized, however it is impossible to discern the effect on power conversion
efficiency without electrical simulations.

While we have thus far looked only at the wholesale effect on absorption as a function
of wavelength caused by the presence of AgNSs, the effects on the spatial electric field
distribution in the active layer are important to consider. The introduction of plasmonic
nanoparticles into layers adjacent to the active layer introduces non-homogeneity into the
electric field in the active layer. One notable effect resulting from the addition of plas-
monic nanoparticles into the hole-conducting layer is that intense near-fields emanating
from nanoparticles tend to concentrate light near the interface of the hole-conducting layer
and the active layer. As shown in Figure 4.4, the active layer absorption is not unilaterally
increased with the presence of plasmonic nanoparticles. We integrated P, over the solar
spectrum to determine the sum of light absorbed by the active layer. In the sweep over
AgNS size and pitch light absorption in fact decreases rather than increases as one would
expect.

In order to investigate the effect of field concentration near the active layer/buffer layer

interface on the performance of the PCPDTBT:PCBM solar cell, we calculated the spatially
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Figure 4.5: Fraction of light absorbed in relation to control OPV with (a) variable AgNS
size and (b) variable AgNS pitch.

averaged carrier generation for solar cells with variable AgNS radius and pitch. We used
Lumerical’s solar generation rate calculation tool to use results from the optical simulation
to calculate the exciton generation rate in the OPV. The generation rate is calculated by
dividing P, by the energy per photon and integrating over the solar spectrum. The result-
ing carrier generation rate in Figure 4.6 is given as a function of x, the depth of the active
layer (210 nm corresponds to the bottom of the active layer near the HTL, and 310 nm
corresponds to the top of the active layer far from the embedded nanoparticle). It is notable
that at high concentrations for each nanostructure, the region close to the HTL has a signifi-
cantly increased generation rate when compared with the control device, however the spike
in generation rate near the HTL/active layer interface is countered with a drop in generation
rate in the region far (>15 nm) from the AgNS. Because the calculation method for exciton
generation rate is directly proportional to the power absorbed, the overall generation rate
follows the same trend seen in Figure 4.5.

While it is counter-intuitive that an overall reduction in electric field, and thus light
absorption through the active layer can result in overall performance enhancement, it is
important to note that an increased photocurrent may be resultant of improved charge col-
lection, M.,y in Equation 4.1. One cause for poor carrier collection is an imbalance in
charge mobility of electrons and holes. The electron mobility in PCPDTBT is an or-

der of magnitude higher than the hole mobility, which may cause the device to be "hole
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Figure 4.6: Generation rate in plasmonic and control device for sweeps over (a) AgNS
radius and (b) AgNS pitch.

limited.”[18, 13, 19, 20] By inserting nanoparticles into the hole transport layer, the strong
electric field near the HTL/active layer interface provides an excess of holes that have a
relatively short distance to diffuse to be collected. In addition to charge carrier mobility
imbalance, charge trapping plays a detrimental role in the performance of polymer BHJ
solar cells, as the distance that charge carriers diffuse decreases, the chance for charge
trapping also decreases.

For electrical simulations, we employed the General-Purpose Photovoltaic Device Model
(GPVDM).[21, 22] Upon inputting a generation rate profile into GPVDM, the model uses
the finite difference method to solve electron and hole drift diffusion equations as well as
the carrier continuity equations to describe the movement of charges in the device in one
dimension. Recombination is taken into account by Langevin (free carrier) recombination,
as well as Shockley-Read-Hall (free-to-trap) recombination.[23, 24] Using this approach,
the carrier population is solved in both position and energy space.

Using GPVDM, we calculated the OPV performance over a potential range of -0.1V
- 1V for the sweeps over AgNS radius and pitch, the results are shown in Figure 4.7. The re-
sults for the reference device are consistent with the literature for 100 nm PCPDTBT:PCBM
devices.[13] Notably, the short circuit current densities shown in Tables 4.1 and 4.2 from
the electrical simulations are higher than would be expected from the purely optical sim-

ulations and the results given in Figure 4.5. We attribute this improved current density to
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Table 4.1: Average plasmon enhanced PCPDTBT:PCBM device parameters (AgNS pitch
sweep)

Pitch | J,. (mA/cm?) | V,. (V) | FF | PCE (%)
0 12.58 055 [057] 3.93
2 11.71 055 [059] 3.78
3 12.42 055 058 3.98
4 12.61 0.55 058 4.01
5 12.59 0.55 058 3.98
6 12.61 055 057 3.97
8 12.59 055 057 395
10 12.59 055 [057] 394

the improved charge collection afforded by the highly concentrated electric field near the
HTL/active layer interface.

We note that the short circuit current density shows minimal improvement, even with
the optimal device (25 nm AgNS with a pitch of 4), improving from 12.58 mA/cm? to 12.61
mA/cm?. As expected, the open circuit voltage is unaffected by the presence of AgNS, as
the internal resistances are not affected by the modulation of optical properties. In future
work, the addition hot carrier injection may provide a more realistic picture of solar cell
enhancement. Perhaps most interestingly, we observe a 3.5% enhancement in the fill factor
for the 25 nm AgNS with a pitch of 2, and a 1.6% enhancement in the fill factor for the
devices with the optimized radius and pitch. The improvement in fill factor results from an

improvement in transport - charge collection is not limited by charge traps because of the
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Table 4.2: Average plasmon enhanced PCPDTBT:PCBM device parameters (AgNS radius
sweep)

Radius | J,- (mA/cm?) | V,. (V) | FF | PCE (%)
0 12.58 055 [057] 3.93
5 12.49 0.55 057 ] 391
10 12.37 0.55 [0.57| 3.88
15 12.51 0.55 058 4.94
20 12.46 0.55 058 3.94
25 12.61 0.55 |0.58]| 4.01

concentration of excitons near the HTL.[25]

4.4 Conclusions

In this chapter, we have shown that improvement in the power conversion efficiency
in organic photovoltaics is not necessarily the result of optical enhancement via improved
light capture in the active layer, but rather is a result of field intensity modulation near
the hole-transport layer/active layer interface. Future work in this area should focus on
modification of the geometry and composition of the plasmonic nanostructure to mini-
mize the absorption cross section, while maintaining a strong scattering cross section, as
discussed in Chapter 5, it is possible to modify nanostructure geometry to induce prefer-
ential directional scattering. By minimizing backwards scattering and improving forward
scattering by plasmonic nanostructures in the spectral regions in which active materials ab-
sorb poorly, it may be possible to improve the overall light absorption, resulting in higher
enhancement. Additionally, it is possible to further refine the simulation results by calcu-
lating drift-diffusion, recombination and electrostatic potential in two or three dimensions,
though higher dimensional simulations will result in a significant trade-off in complexity

and computation cost.
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Chapter 5

APPLICATIONS FOR PLASMONICS BEYOND SOLAR ENHANCEMENT:
DIRECTIONAL SCATTERING AND SENSING WITH BIMETALLIC FANOCUBES -
A COMPLEX FANO-RESONANT PLASMONIC NANOSTRUCTURE

5.1 Summary

Concentric nanostructures provide a unique architecture to manipulate light by modifi-
cation of their internal geometry with minimal changes to their overall size. In this chapter,
we have theoretically examined, using finite difference time domain simulations, the plas-
monic properties of a concentric cubic nanostructure consisting of a silver (Ag) core, silica
(S10,) interlayer, and gold (Au) shell. These bimetallic fanocubes display two separate
geometry dependent Fano resonances in the visible and in the near-infrared. We employed
a plasmon hybridization model to understand the origin of the spectral features and ob-
serve distinct hybridized modes contributed by the edges and corners, which is unique to
the cubic geometry. Specifically, we note that the nonbonding mode that is essentially
dark and not observable in spherical concentric nanostructures is enhanced in the bimetal-
lic fanocubes. We show the far-field properties, and Fano resonances of the fanocubes can
be tuned by altering the thickness of the silica layer, the thickness of the Au shell, and by
breaking symmetry. Further, we have examined the refractive index sensing and directional
scattering abilities of the fanocubes to ultimately enable their use in a range of applications,

harnessing their absorption and scattering properties.

5.2 Introduction

Subwavelength metal nanostructures have the unique ability to manipulate light en-

abled by the resonant oscillations of the conduction electrons defined as localized surface
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plasmon resonances (LSPRs). By tuning the geometry and composition of metal nanos-
tructures, their optical properties have been harnessed for a range of technological ap-
plications from light trapping in solar devices [1, 2, 3, 4, 5, 6, 7] to nanotherapeutics,
[8,9, 10, 11, 12] to ultrasensitive biosensing. [13, 14, 15, 16] Concentric metallodielectric
nanostructures or nanomatryoshkas [17, 18] form an important class of plasmonic ma-
terial where metallic layers are separated by dielectric spacers providing a highly tun-
able architecture [19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29] The LSPRs in this class
of nanostructures are supported at the metal/dielectric interface, where the metal layers
couple to form hybridized plasmons governed by the thickness of the dielectric spacer
layer. [26, 30, 31, 32, 33] Such concentric nanostructures essentially behave as a col-
lection of optical condensers concentrating incident light between the metal core and the
adjacent, innermost metal shell generating intense localized near-fields.[34] In addition to
their near-field characteristics, the far field properties of light absorption and scattering
are also highly tunable in concentric nanostructures achieved by modulating the thick-
ness of the dielectric interlayer with minimal alterations to their overall size. Recently,
the plasmonic properties of the simplest concentric nanostructure, spherical gold/silica/-
gold (Au/S10,/Au) metallodielectric nanoshells, have been extensively investigated both
theoretically and experimentally.[22, 35, 36] The LSPRs of this simple nanomatryoshka
have been examined with the plasmon hybridization model, and three distinct modes have
been identified.[20, 23, 37, 38] The hybridization of the low-energy bonding Au nanoshell
plasmon with the Au core plasmon gives rise to an antisymmetric bonding mode and a
symmetric antibonding mode. Further, the hybridization of the high-energy antibonding
nanoshell plasmon with the Au core plasmon results in a nonbonding mode, which is opti-
cally weak and essentially dark due to its small dipole moment. However, this nonbonding
mode can either be completely turned-off or significantly enhanced when the composi-
tion of Au/SiO,/Au nanostructure is altered by either substituting the inner core or outer

shell with Ag, respectively.[27] In addition to composition, these hybridized LSPRs can
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also be tuned by changing the morphology of concentric nanostructure to nonspherical
geometries[39, 32, 33, 40] or by breaking the symmetry of the nanostructure, essentially
allowing optically dark modes to couple with bright modes and generate unique optical
resonances.[28, 41, 42]

When bright plasmon modes, which are spectrally broad due to radiative damping, cou-
ple with spectrally narrow dark modes, this spectral interference gives rise to a characteris-
tic asymmetric line shape described as a Fano resonance.[43, 44, 45, 46] Fano resonances
in plasmonic nanostructures have been extensively studied in the past decade either driven
by the interactions of adjacent nanoparticles such as in plasmonic oligomers,[47, 48, 49,
50, 51, 52] or by introducing asymmetry such as in ring/ disk systems,[53, 54, 55, 56]or by
coupling a nanostructure with its adjacent substrate.[57, 58] Concentric metallodielectric
nanostructures are specifically interesting, as they can be engineered to support multiple
Fano resonances by manipulating their size, shape, composition, thickness of the dielectric
layer, polar- ization of incident light, and breaking symmetry. Due to the intense near-field
and far-field properties achieved at the Fano resonance, concentric nanostructures have
been utilized in surface enhanced spectroscopies,[59, 36]optical sensing,[60, 61, 62, 63]as
well as photothermal therapies.[64, 65]

In this work, we have theoretically investigated the optical characteristics of a bimetallic
concentric nanostructure consisting of a cubic Ag core surrounded with a SiO, layer and
outer cubic Au shell. These bimetallic fanocubes display multiple Fano resonances that
are tunable by modulating the morphology, internal symmetry, and polarization of light.
The plasmon hybridization model was employed to study the LSPRs of the fanocubes; we
observed a strong contribution from corners and edges, which gives rise to additional hy-
bridized plasmon modes not observable in spherical concentric nanostructures. Further,
the cubic geometry of the fanocubes enhances the nonbonding mode that is essentially
dark and not observable in spherical Ag/SiO,/Au nanostructures. The optical properties of

fanocubes can be manipulated to preferentially absorb or scatter light with minimal mod-
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Figure 5.1: (a) Schematic of bimetallic fanocubes with relevant dimensions. (b) Surface
charge plots of the fanocubes in quasi-static regime for the outer surface of Au shell (left),
inner surface of Au shell (middle), and Ag surface (right) at various resonance energies. (c)
Extinction of individual components, Ag nanocube core and Au cubic nanoshell, and the
bimetallic fanocubes in the quasi-static regime simulated in nonabsorbing, index 1 media.
The main resonant peaks of the fanocubes are labeled to correspond with the charge plots.
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ifications of their overall size, a phenomenon highly useful in several applications includ-
ing optical sensing. We studied the refractive index sensing capability of a 110 nm sized
bimetallic fanocube yielding a high sensitivity of 300 nm/RIU and figure of merit ~4.55.
Further we also studied the angular light scattering ability of the fanocubes demonstrating
exceptional forward scattering in the visible and near-infrared, which can be potentially

useful in directional color routing as well as light harvesting in solar devices.

5.3 Results and Discussion

The plasmon modes of the concentric bimetallic fanocube consisting of an Ag nanocube
core, Si0O» shell, and outer Au cubic nanoshell (Figure 5.1a), can be understood as a hy-
bridization of the LSPRs of its individual components. To understand the origin of the
resonance modes, we performed finite difference time domain (FDTD) electrodynamics
simulations of bimetallic fanocubes in the quasi-static regime (edge length, D <<A) with
a size of [Dy, Dy, D3] = [6, 7, 11] nm and a mesh size of 0.7 Aover a spectral range of 300-
1200 nm. The quasi-static structure is a simplified version of the fanocube and neglects
any higher order modes that arise from phase retardation effects observed in the realistic
size-regime.[21, 22, 23, 31] When the optical modes of vicinal nanostructures interact, the
plasmon modes couple either in-phase or out-of-phase, which gives rise to antibonding and
bonding plasmon modes, respectively. In concentric nanostructures, the hybridization of
the plasmon resonances is a function of the coupling strength, which is determined by the
spacing between the individual metal layers supporting the resonant modes. However, un-
like concentric spherical nanostructures, which only give rise to three hybridized modes,
the plasmon hybridization of bimetallic fanocubes is highly complex due to the interactions
of corners and edges in the cubic geometry. We calculated the charge density distribution in
the fanocubes at discrete eigenmodes (Figure 5.1b), which can be understood by examining
the resonances of the individual components of the bimetallic fanocube.

The Ag core has dipolar modes at 405, 380, and 347 nm, which have strong contribu-
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Figure 5.2: (a) Extinction spectra of 60 nm Ag Core, 110 nm Au shell, and [D1,D2,D3] =
[60, 70, 110] nm bimetallic fanocube. Electric field profiles normal to the incident plane
wave are shown at (b) 615 nm, (¢) 687 nm, (d) 845 nm, and (e) 1172 nm

tions from the corners and edges (Figure 5.1¢c). The Au cubic nanoshell has strong bonding
mode at 570 nm, an antibonding mode at 520 nm, and weak bonding modes at 640, 700, and
770 nm, which are contributed by the edges and corners. The bimetallic fanocube has five
distinct hybridized modes; the peaks at 641 and 786 nm both have bonding characteristics
contributed by the Au nanoshell edges and corners; however, there is a stronger localiza-
tion of negative charge at the corners of the inner Au shell at 641 than at 786 nm. Further,
there is significant antibonding character at the corners of the outer Au shell at 641 nm that
is not present at 786 nm. The 1044 nm peak arises from the interactions of the bonding
Au cubic nanoshell plasmon and the Ag nanocube plasmon, giving rise to asymmetric hy-
bridized bonding mode |@_) with strong contributions from the edges and corners of the
Ag nanocube core. The peak at 518 nm is rather interesting with both bonding and anti-
bonding characteristics. It results from the interactions of the bonding Au cubic nanoshell
plasmon and Ag nanocube plasmon, giving rise to antisymmetric coupling (|o_)) with an
admixture of symmetric coupling (@™ )) from the corners of the Ag core and Au shell. The
peak at 334 nm is also a complex mode arising from the interactions of the antibonding Au
cubic nanoshell plasmon and Ag nanocube plasmon, giving rise to symmetric coupling

(|@7)) with an admixture of asymmetric coupling from the edges of the Ag core and shell
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Figure 5.3: E-Field profiles for the [D1,D2,D3] = [60, 70, 110] nm bimetallic fanocube in
the XY plane at (a) 615 nm, (b) 687 nm, (c) 845 nm adn (d) 1172 nm.

(|@Z)). In concentric spherical Au/SiO,/Au nanomatroyushkas, this |®. ) mode has been
described as nonbonding since it weakly interacts with incident light and is typically dark
due to its appreciable antibonding character.[22, 20, 37] Zhu et al.[27] recently suggested
that in an Ag core/SiO,/Au shell bimetallic nanomatryoshka, the nonbonding mode com-
pletely disappears. However, our simulations show that in the bimetallic fanocubes, the
nonbonding mode is enhanced by the strong intermetallic interactions of the edges and
corners as a result of the cubic geometry. The insight from plasmon hybridization in the
quasi- static regime is used throughout the manuscript to explain the spectral behavior in
the realistic regime where Fano resonances appear for the bimetallic fanocubes.

We examined the LSPRs of the bimetallic fanocubes in the realistic size-regime by
simulating fanocubes of size [D, D,, D3] = [60, 70, 110] nm and decoupling the observed
resonance modes by examining its individual components (Figure 5.2a). The characteris-
tic plasmon peaks in the realistic size regime is analogous to that observed in Figure 5.1a,

with significant broadening and red-shifting of peaks due to phase retardation effects. Two

100



XZ Plane

Q

8

— 6 m

: <

~ 4w
2 N
0

-80 -40 0 40 80 -80 -40 0 40 80
X (nm) x (nm)

c 80 d 50
40 8 40
T 68 E 30 &,
£ 0 = £ =
N 4 ;N 20"
-40 N ~

2 10
-80 0 o
-80 -40 0 40 80 -80 -40 0 40 80
x (nm) X (nm)

Figure 5.4: E-Field profiles for the [D1,D2,D3] = [60, 70, 110] nm bimetallic fanocube in
the XZ plane at (a) 615 nm, (b) 687 nm, (c) 845 nm adn (d) 1172 nm.

distinct Fano resonances are observed in the fanocube geometry in this size regime char-
acterized by their asymmetric line shape: a low energy infrared peak at 1172 nm as well
as one in the visible at 615 nm. To further understand the origin of the Fano resonances,
we calculated the electric field profiles and examined the field enhancement in the three
planes bisecting the fanocube. The electric-field profiles of the fanocube in the YZ plane
normal to the incident light k vector are shown in Figure 5.2b-e. The E-field profiles of
the fanocube in the XY and XZ planes are provided in Figures 5.3 and 5.4. The field pro-
files show hybridization of the two metal layers result in charge localization at both the
corners of the Ag cube and Au shell at 615 and 687 nm (Figure 5.2b-c). These field pro-
files clarify that the Fano resonance of bimetallic fanocubes in the visible results from the
interference of the broad dipolar resonance of the Au nanoshell with narrow resonances
of the Ag nanocube primarily contributed by their edges and corners. The shoulder peak
at 845 nm shows strong fields localized along the edges and corners of the Ag nanocube,

demonstrating that this peak originates from the inner core (Figures 2d, 5.3c, and 5.4c). The
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strongest E-fields are observed at the 1172 peak and are localized within the inner Ag cube
(Figure 5.2e) and the surrounding SiO; interlayer (Figures 5.3d and 5.4d). We therefore
attribute the Fano character of this peak to the overlap of the broad superradiant bonding
plasmon modes of the Au cubic nanoshell and narrow subradiant mode contributed by the
Ag nanocube corners and edges.

The dual Fano resonances of the bimetallic fanocubes are highly tunable by altering
the dimensions of the outer Au shell, inner Ag cube, and thickness of the SiO; interlayer.
We varied the outer Au layer while keeping the dimensions of the Ag nanocube core and
the silica interlayer constant at D; = 60nm and D, = 70 nm, respectively (Figure 5.5a).
At D3 = 80 nm, several dipolar, quadrupolar, and other higher modes appear throughout
the UV and visible region and into the infrared. The low energy infrared peak monoton-
ically blue-shifts as D3 increases, and attains the asymmetric line shape characteristic of
a Fano resonance when D3 = 110 nm. Notably, the Fano resonance in the visible at 615
nm also emerges at D3 = 110 nm and red-shifts and increases in strength with an increase
in D3. A shoulder peak is also observed at 750 nm, which red-shifts as D3 increases and
originates from the interaction of the bonding plasmon of Au shell corners and Ag core
corners. Further, we also examined the evolution of the Fano resonances in the bimetallic
fanocubes by varying the thickness of the silica interlayer (Figure 5.5b). The strength of the
Fano resonance in concentric nanostructures is governed by the coupling of the two metal
layers, which is dependent on the spacing between the metal core and outer metal shell.
As the silica layer thickness increases from D, = 70 to 100 nm, the Fano resonance in the
visible diminishes in strength and ultimately loses its asymmetric line shape and eventually
dissipates attributable to the loss of coupling between the Ag nanocube and Au nanoshell
plasmons, as indicated by electric field profiles in Figure 5.6. Notably, the Fano resonance
at 1172 nm initially blue-shifts and gains in strength when D; increase from 70 to 80 nm.
As the thickness of the outer Au shell decreases, this gives rise to strong hybridization of

the nanoshell cavity modes with the core plasmons analogous to that described previously
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Figure 5.5: Extinction cross-section of bimetallic fanocubes with (a) dimensions of the Au
shell varied while keeping dimensions of the Ag nanocube and SiO2 interlayer constant,
(b) thickness of the SiO; shell, i.e., separation between inner Ag and outer Au, varied while
keeping dimensions of the Ag nanocube and outer Au shell constant, and (c) dimensions
of the inner Ag cubic core varied while keeping dimensions of the SiO; layer and Au shell
constant.
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Figure 5.6: Electric field profiles of fanocubes with variable intermediate layer thickness at
615 nm (a) 70 nm SiO,, (b) 80 nm Si0,, (¢) 90 nm SiO; and (d) 100 nm SiO;.

for the nanomatryushkas.[17, 18] This results in a strong coupling between the Ag core and
Au shell, which strengthens the Fano resonance. With further increase in the SiO; layer
thickness, this low-energy Fano resonance red-shifts and broadens with a loss of its asym-
metric line shape, and attains a dipolar resonance characteristic, which is attributable to
the weak coupling between the two metallic layers, as indicated in electric field profiles in
Figure 5.7. It is notable from the electric field profiles (Figure 5.6 and 5.7) that as the SiO;
layer increases to 20 nm, i.e., [Dy, D, D3] = [60, 100, 110] nm, the visible Fano resonance
shows a complete decoupling of the Ag core and Au shell, whereas the near-infrared Fano
resonance shows that the coupling between the core and shell weakens but never decouples.
These trends in the field profiles correlate well with the spectral behavior shown in Figure
5.5b.

We also varied the dimensions of the Ag core and find an interesting trend where a
30 nm Ag nanocube gives rise to no interactions between the core and outer Au shell due
to large silica (20 nm) spacer layer separating the two metallic layers. This results in

an absence of Fano resonance at the smallest core dimensions. A strong Fano resonance

104



2500

[60, 70, 110] B [60, 80, 110]

0.
A°alr,lal

— E
1173 nm (;

[60, 90, 110]

0.
1°alr,lal

1027 nm

1245 nm

Figure 5.7: Electric field profiles of fanocubes with variable intermediate layer thickness at
the peak wavelength of the near IR peak: (a) 1173 nm with 70 nm SiO;, (b) 991 nm with
80 nm SiO,, (c) 1027 nm with 90 nm SiO, and (d) 1245 nm with 100 nm SiO,.

appears at the 40 nm Ag core size indicating SiO; layer thickness needs to be 15 nm to
enable the broad Au nanoshell mode to interfere with the narrow Ag nanocube plasmons
and give rise to a Fano dip. A further increase in the Ag core to 50 nm gives rise to a rather
unique behavior where the broad peak red-shifts and splits into two Fano resonances. This
unusual behavior likely stems from coupling between the edges and corners of the core
and shell, which is enhanced when the separation between the layers reduces to 10 nm.
When the Ag nanocube core increases to 60 nm, one of the split Fano peaks is observed
to red-shift to the infrared, while the other Fano resonant mode merges with the peak in
the visible to give rise to two distinct Fano resonances at 1172 and 615 nm. These results
suggest, by varying the dimensions of each layer (Ag, Si0;, and Au), the plasmonic modes
of this complex nanostructure can be fine-tuned to achieve desired spectral behavior with
either single or multiple Fano resonances.

In addition to tunable Fano behavior, the far-field optical properties of the bimetallic

fanocubes can also be altered by varying the dimensions of the SiO, layer, Ag core, or Au
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Figure 5.8: Absorption and scattering cross sections of fanocubes with (a,b) varying the Au
shell size, (c,d) varying the SiO2 interlayer thickness, and (e,f) varying the Ag core size.

shell. Upon excitation with resonant light, metal nanostructures either scatter or absorb
incident light or a combination of the two determined by the size and shape of the nanos-
tructures. However, in three-layered concentric nanostructures, the absorption and scat-
tering properties can be manipulated by modulating the separation between the two metal
layers providing us with an additional degree of freedom to alter optical characteristics.
These absorption and scattering proper- ties can then be harnessed for relevant technologi-
cal applications. For example, in solar energy conversion and photovoltaics, highly scatter-
ing nanostructures will be advantageous, while in therapeutic applications where absorbed
light needs to be converted to heat, highly absorptive nanostructures will be preferred. Here
we calculated the absorption and scattering cross sections of the bimetallic fanocubes by
varying both the dimensions of the Au shell (Figure 5.8a,b), thicknesses of the Si0; layer
(Figure 5.8c,d), and size of the Ag core (Figure 5.8e,f). The bimetallic fanocubes with
a thinner Au shell have strong absorption efficiency in the near-infrared overlapping with
the second biological window, which will be highly relevant for photothermal therapies

(Figure 5.8a). It is notable that the same geometry yields a strong scattering cross-section
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in the visible region, which should be advantageous for plasmon-enhanced photovoltaics
employing radiative enhancement. Conversely, fanocubes with thicker Au shells exhibit
strong broadband scattering spanning the entire visible and near-infrared (Figure 5.8b),
which can be harnessed for biosensing and biomedical imaging, as well as for radiative
enhancement in solar devices. Further, the ratio of absorption to scattering can be drasti-
cally tuned in the bimetallic fanocubes by simply modulating the spacing between the Ag
core and Au shell without altering the overall dimensions (Figure 5.8c,d). Whereas a thin
silica layer of 5 nm (D, = 70 nm) gives rise to high scattering efficiency in the visible, a
thicker silica layer of 15 nm (D, = 90 nm) results in equal contributions from absorption
and scattering in the near-infrared (900-1100 nm). These calculations indicate that thin-
ner SiO; interlayer (Figure 5.8c) results in a thicker Au shell, which weakens the coupling
between the Ag core and Au shell and substantially suppresses the absorption efficiency.
When the separation between the two metal layers is optimized to an ideal thickness of 15
nm (Figure 5.8d), a stronger coupling between the Ag and Au layers results in fanocubes,
which will be highly useful for theranostic (therapeutic + diagnostic) applications where
both scattering and absorption properties are necessary to combine imaging and therapy
within a single platform.[66, 67] Modulating the dimensions of the Ag core also impacts
its absorption and scattering properties. Whereas scattering is more dominant in the near-
infrared for the smaller Ag core (Figure 5.8e), light scattering is more pronounced in the
visible with the 50 nm Ag core size (Figure 5.8f). This shows that the scattering cross sec-
tion can be significantly tuned in the fanocubes by altering the core size, facilitating their
use in photovoltaics where the scattering cross section must be tuned to overlap with the
absorber bandgap. However, note that scattering is also significantly suppressed at the Fano
dip in all of the spectra shown in Figure 5.8 indicating that fanocubes when optimized to
have strong Fano resonance can be highly useful in sensing applications where suppressed
scattering and strong absorption are desirable.

Fano resonances in concentric nanostructures can also be tuned by breaking symmetry,
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Figure 5.9: Symmetry breaking in bimetallic fanocube shown by offsetting the Ag core
in the (a) transverse direction and (b) longitudinal direction with respect to the incoming
plane wave. The distance the core offsets from the center is indicated in each spectrum.

which is achieved by offsetting the core with respect to the shell.[21, 26, 28] Whereas in
concentric spherical nanostructures, the core offset in any direction yields the same spec-
tral characteristics; in bimetallic fanocubes the cubic geometry allows core offset in either
the transverse or longitudinal direction, resulting in distinct spectral shifts and Fano behav-
ior. To investigate the effect of symmetry breaking, we simulated the extinction spectra
of fanocubes by offsetting the Ag core with the SiO, layer together both in the transverse
(Figure 5.9a) and longitudinal direction (Figure 5.9b) with respect to the incoming plane
wave. Increasing core-offset in the fanocubes in both the transverse and longitudinal di-
rection resulted in red-shift of the 1172 nm infrared Fano peak; however, stronger spectral
shift was observable in the longitudinal direction. Notably the asymmetric line shape of
this Fano peak was retained with core-offset in the transverse direction, but in the lon-
gitudinal direction, a loss of Fano characteristic to a simple dipolar mode was observed
with increasing core-offset. Further, with increasing core-offset, the visible Fano reso-
nance at 615 nm dissipates in both transverse and longitudinal directions; however, new
Fano resonances emerge that are distinct in each direction. A weak Fano dip emerges at

700 nm when the Ag/SiO, core offsets by 10 nm in the transverse direction, which further
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Figure 5.10: Refractive index sensing with bimetallic fanocubes. (a) Spectral shift in the
extinction of fanocubes [D1, D2, D3] = [60, 70, 110] nm with increasing refractive index
(RI) of surrounding medium indicated with an arrow. (b) Spectral shifts as a function of
refractive index from 1.33 to 1.49 for three different peaks of the fanocubes. The sensitivity
of each peak is indicated in the legend.

red-shifts with increasing symmetry-breaking (Figure 5.9a). A Fano resonance also ap-
pears at 825 nm when the core offsets by 5 nm in the longitudinal direction and red-shifts
with increasing symmetry breaking. The reduced symmetry of the fanocubes with noncon-
centric alignment of the Ag/SiO, core with the Au shell results in higher order modes to
hybridize with the dipolar modes, which strongly enhances their brightness and results in
their appearance in the extinction spectrum. This effect has been experimentally observed
previously in the Au/Si0,/Au simple nanomatryoshka.[21, 28] Our results clearly indicate
that symmetry breaking in bimetallic fanocubes can be systematically controlled by tuning
both the degree of metal core-offset relative to the outer metal shell, and the direction of
the core-offset.

Fano resonances in plasmonic nanostructures have been extensively harnessed for ul-
trasensitive biosensing enabled by their strongly dispersive character, which gives rise to
the observed line width narrowing.[60, 61, 62, 68, 69] Engineered nanostructures with
strong Fano resonances allow high quality factor plasmonic sensors, which exhibit signif-

icant spectral shifts to even small perturbations within their local environment. We have
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therefore calculated the refractive index sensitivity (S)of bimetallic fanocubes of dimen-
sions [Dy, Dy, D3] = [60, 70, 110] nm by varying the refractive index of the surrounding
medium from 1.331.49 for three different peaks (Figure 5.10). The narrow mode at 610
nm has S = 268 nm/RIU, the broad mode at 685 nm has S = 300 nm/RIU, and the in-
frared Fano peak at 1150 nm has S = 50 nm/RIU. While sensitivity is widely accepted as a
metric for assessing the performance of a sensor, often ideal conditions are assumed when
determining sensitivity experimentally such as negligible system noise and infinitely high
spectral resolution. Therefore, the figure of merit (FOM), which is defined as sensitivity
divided by the full width at half-maximum (fwhm) of the plasmon peak, is considered a
more meaningful parameter for evaluating the performance of sensors. We calculated the
FOM of each of these peaks at n = 1.33; the 610 nm peak has FOM = 2.77, the 685 nm peak
has FOM = 4.54, and the 1150 nm peak has FOM = 0.81. While our FOM and S are lower
than that reported for lithographically fabricated submicron plasmonic sensors supporting
Fano resonances,[63, 69] they are comparable or higher than other wet-chemically syn-
thesized nanostructures.[70, 71, 72, 73] However, we anticipate the sensitivity and FOM of
fanocubes will likely decrease in experiments relative to the simulated results due to hetero-
geneities in synthesized nanostructures. In addition to the ability of fanocubes to monitor
refractive index changes in the surrounding media, they also have the capability to direc-
tionally scatter light, a phenomenon highly useful for applications in color routing,[74]
Yagi-Uda nano-antennas,[75, 76] and for solar light capture.[77]

We calculated the angular scattering intensity for [D,D,,D3] =[60, 70, 110] nm bimetal-
lic fanocubes in aqueous media using a total-field scattered-field source, where the incident
field is decoupled from the total field to determine far-field scattering intensity. The angu-
lar scattering direction in the XY and YZ direction is schematically represented in Figure
5.11a, where O ° indicates the forward direction and 180 © indicates the backward direc-
tion in the planes normal to the incident field. For clarity, the scattering profiles in the

planes normal to the incident light are shown here (Figure 5.11b,c); the parallel (XZ) plane
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Figure 5.11: (a) Schematic representation of the orientation of the fanocube relative to
incident electric field and scattering plane. Angular scattering intensity as a function of
angle and wavelength in the (b) XY, (c) YZ and (d) XZ planes for bimetallic fanocubes.
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is shown in Figure 5.11d. While scattering in the XZ plane remains symmetric through
the spectrum, it is evident that fanocubes display directional scattering in the XY and YZ
planes. In the wavelength range of 300-600 nm, preferential scattering occurs in the for-
ward direction (Figure 5.11b,d), whereas in the range of 600-1200 nm, directional scatter-
ing is observed in the backward direction (Figure 5.11b,e). The ability to directionally scat-
ter light is attributable to an internal phase shift approaching 180 ° in overlapping dipolar
elements within the fanocube,[74] whereas directional scattering in plasmonic nanostruc-
tures is typically achieved by both spectral tuning of the LSPR as well as spatial tuning of
optical antennas which often require precise fabrication conditions. Here we demonstrate
that the bimetallic material composition of fanocubes provides a new avenue to manipulate

the phase of incoming light, which can potentially function as an optical color router.

5.4 Conclusions

In summary, in this work we present a theoretical investigation of a new concentric
Fano resonant nanostructure, bimetallic fanocubes, with a Ag nanocube core separated
from Au cubic nanoshell with a silica dielectric interlayer. The plasmon hybridization
model of this complex structure reveals that in the nonbonding mode, which is typically
dark in concentric spherical Au/Si0,/Au nanostructures, in bimetallic fanocubes, the cou-
pling between Ag and Au and strong contributions from the edges and corners significantly
enhance this nonbonding peak. Our simulations show that bimetallic nanocubes generate
multiple Fano resonances spanning the visible and near-infrared, which are tunable by al-
tering the dimensions of the outer Au shell, Ag core, the thickness of the SiO; interlayer,
and by symmetry breaking achieved by nonconcentric alignment of the core and shell. By
examining the spectral shifts in bimetallic fanocubes with change in the refractive index of
the surrounding media, our calculations also demonstrate high sensing performance with
sensitivities and figure of merit comparable or higher than other nanostructures of simi-

lar size regime. Further, we also show wavelength-dependent directional light scattering
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ability of the fanocubes, which can be optimized for specific applications such as photonic

color routers as well as coupling to a substrate for solar light harvesting.
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Chapter 6

APPROACHES TO IMPROVEMENT TO LIGHT CAPTURE TECHNOLOGY
BEYOND PLASMONICS: CARBON PASSIVATED POROUS SILICON AS A
COUNTER ELECTRODE IN DYE-SENSITIZED SOLAR CELLS

6.1 Summary

In this chapter, we explore improvements to photoelectrochemical systems beyond effi-
ciency improvement utilizing plasmonics. We demonstrate the use of porous silicon (P-Si)
as counter electrodes in dye-sensitized solar cells (DSSCs) with efficiencies (5.38%) com-
parable to that achieved with platinum counter electrodes (5.80%). To activate the P-Si for
triiodide reduction, few layer carbon passivation is utilized to enable electrochemical sta-
bility of the silicon surface. The success of our method largely results from the high surface
area platform provided by the porous silicon substrate. Our results suggest porous silicon as
a promising sustainable and manufacturable alternative to rare metals for electrochemical

solar cells, following appropriate surface modification.

6.2 Introduction

Dye-sensitized solar cells (DSSCs) have emerged as a promising third generation solar
cell due to efficiencies so far measured up to 12% [1, 2, 3, 4, 5, 6] and straightforward
processes for solar cell manufacturing. A conventional DSSC functions based upon an
anode interface between TiO; and dye molecules yielding dye photooxidation and charge
transfer to an iodide/triiodide (I"/I5) redox couple under illumination. The redox couple is
regenerated using a metal counter electrode. Platinum is used as the counter electrode due
to its corrosion resistance to iodide species and its excellent electrocatalytic activity toward

the iodide/triiodide redox couple.[7, 8, 9] However, evolution toward DSSCs that can be
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cheaply manufactured with low-cost, sustainable materials provides a key incentive toward
the development and widespread commercialization of DSSCs. [10]

In recent years, numerous reports have demonstrated the ability to utilize alternative
counter-electrode materials for DSSCs with performance approaching Pt. This primar-
ily involves the utilization of carbon nanotubes,[11, 12, 13] graphene,[11, 12, 13, 14,
15, 16] hybrid carbon nanotube-graphene materials, [17, 18] and other carbon nanostruc-
tures. [19, 20] Whereas such approaches yield excellent promise for the use of all-carbon
counter-electrodes to replace Pt, cell-level integration of such materials are not aided by the
high raw-materials cost of carbon nanostructures, which can often be greater than Pt (e.g.
>$100/gram), and the requirement to process such raw materials into usable architectures
for electrodes that can add significant manufacturing-related costs. Other materials, such
as Fe,O3 and TiN nanostructures, polymer films, and Cu-Zn-Sn-S have been demonstrated
as effective counter-electrodes, [21, 22, 23, 24] even though challenges regarding stability,
efficiency, and conduction properties can be compromised in such alternative systems.

We propose in this study that silicon is a viable candidate for DSSC electrodes. As
the manufacturing of silicon materials is central to electronics and photovoltaics industries,
large-scale processing of silicon is cost-effective in comparison to other material options
where expensive process development routes are necessary. Furthermore, due to its earth
abundance, metallurgical grade silicon materials, which are practical for such applications
due to their lower purity requirements than electronics, can be obtained at $2-5/kg. Based
purely on raw materials cost, this provides over a 1000 x reduction over Pt if silicon could
be a viable electrode material. Whereas the total cost of a DSSC is based on the combined
materials and manufacturing costs, silicon is a unique alternative that is promising in both
of these areas. Nonetheless, silicon is a material with surface properties strongly influenced
by environmental factors, and is highly reactive with ambient air or electrochemical con-
ditions. As a result, in industrial-scale applications where silicon is employed, a critical

factor enabling usability is the controlled chemical passivation of exposed silicon surfaces
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- an area of research which has thrived over the past few decades.[25] In the particular
case of porous silicon (P-Si) materials produced from bulk silicon by electrochemical etch-
ing, such routes are especially important due to the significantly enhanced exposed surface
area that could potentially provide more catalytically active sites for the I3/ redox re-
action as a DSSC electrode. [25] A variety of routes to passivate the P-Si surface have
been described, which can mostly be characterized as involving a Si-O or Si-C surface
termination.[26, 27] Whereas such routes have been utilized extensively in chemical or
biological sensing,[28] controlled surface passivation of P-Si remains unexplored for ap-
plications in electrochemical energy conversion platforms. In this work, we specifically
utilize a thermal route to passivate P-Si materials with few-layered coatings of carbon to
provide an electrochemically stable DSSC electrode that exhibits performance comparable
to Pt. We emphasize the importance of complete silicon surface passivation to enable opti-
mized device performance, and the function of a 3D porous material to optimize the redox
activity. As thermally-induced carbon passivation is one of many potential surface stabi-
lization chemistries for silicon, we emphasize silicon as a manufacturable, low-materials
cost, and chemically versatile platform for scalable surface modification and replacement

of rare metals conventionally employed as DSSC electrodes.

6.3 Results and Discussion

Thermal passivation of P-Si materials was achieved consistent with our previous studies,[29]
and building from efforts by Salonen et al.[30, 31] This involves exposure of P-Si to an en-
vironment containing a diluted CoH, active species (<0.1%) in Hy/Ar. In order to achieve
full passivation and maintain structural integrity of the P-Si nanoscale features, we ob-
served the passivation temperature to be important. Prolonged exposure to temperatures
greater than 750 °C led to irreversible structural changes to the P-Si, which were alleviated
by introducing temperature ramps from below 750 °C to temperatures above this, as the

formation of a thin carbon coating passivated the surface from thermal degradation at high
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Figure 6.1: (a) Low resolution TEM image of carbon coated porous silicon. (b) Energy
dispersive spectroscopy map of carbon coated porous silicon with a HAADF STEM image
in the inset. (c) High resolution TEM image of few layer graphene on silicon surface.

temperatures. As discussed at a later point, our most ideal temperature ramp condition was
obtained between 650-800 °C, which enabled complete catalytic surface passivation with-
out thermal decomposition of the CoH; species that was found to yield low-quality carbon
materials. Whereas we chose thermal passivation for our work, progress in silicon sur-
face passivation using wet chemical approaches, such as surface alkylation [32, 33], could
ultimately enable a similar outcome to the results we discuss here.

The morphology of the carbon coated porous silicon is shown via low resolution TEM
( Figure 6.1a). In order to confirm and assess the presence of carbon on the silicon surface
after thermal passivation, a high angle annular dark field (HAADF) image was obtained
with energy-dispersive x-ray (EDS) mapping of carbon and silicon (Figure 6.1b), the cor-
responding spectrum is shown in Figure 6.2). A high resolution TEM image showing the
carbon-silicon interface and presence of few-layer carbon coatings is presented in Figure
6.1c. To assess the carbon material properties, fast Fourier transform analysis was used to
determine the interlayer spacing, which was found to be between 0.35 and 0.37 nm (Figure
6.3). This spacing represents a graphene material with interlayer defects; it is greater than
pristine defect-free graphene (~0.34 nm) [34, 35] but lower than most forms of chemically
processed graphene, such as reduced graphene oxide (often >0.4 nm) [36]. Therefore, we

emphasize under these conditions that the thermal surface passivation of P-Si leads to a
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Figure 6.2: EDS spectrum corresponding to Figure 6.1b. This spectrum is an area average
of an EDS mapped image. The carbon and silicon signals arise from the material being
imaged, the copper signal originates from the TEM grid.

uniform, few-nm thick coating of conformal graphene layers catalyzed by the nanoscale
silicon material.

DSSCs with C-passivated porous silicon counter electrodes were designed by deposit-
ing a TiO, active layer adsorbed with Di-tetrabutylammonium cis-bis(isothiocyanato)bis(2,2-
bipyridyl-4,4-dicarboxylato)ruthenium(II) (N719) dye on the fluorine tin oxide (FTO) glass
followed by a TiO; scattering layer. A liquid electrolyte consisting of I"/I;" redox couple
was utilized for electron transport between the electrodes. A schematic representation of
a typical DSSC made with C-passivated porous silicon is illustrated in Figure 6.4a and the
front and back view counter electrode is shown in Figure 6.4b.

The characteristics of the P-Si surface passivation are observed to directly correlate with
DSSC performance. In order to study the effect of C-passivation on the catalytic properties
of porous silicon, DSSCs were fabricated with pristine P-Si and thermal passivation at
three different temperature ramp profiles including 550-700 °C, 650-800 °C, and 750-900
°C. The C-passivation layer was characterized by acquiring Raman spectra for all four
samples ( Figure 6.5a). Pristine P-Si has a single strong peak near 520 cm~!, indicative of
silicon. After thermal passivation, two distinctive peaks arise at 1325 cm~! (D-band) and
1602 cm™! (G-band) that are characteristic of graphitic carbon coatings.[37] The D/G peak

height is indicative of the ratio of sp> to sp? hybridized carbon species, which is notably
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Figure 6.3: TEM and FFT of graphene oxide with d-spacing of 0.35-0.36 nm.

consistent at D:G = 0.76 until the highest temperature conditions (750-900 °C), where D:G
is 1.22. We attribute this to a decrease in crystallinity of the C-passivation layer associated
with higher temperature non-catalytic decomposition of CoH; species. Notably, we do not
observe the presence of a significant oxide layer on the silicon, which is evident in the
Raman spectra through a bump near 800 cm ™.

To better understand the properties of C-passivation, we measured conductance through
the P-Si layer in the different C-passivated P-Si materials. It is known that P-Si materials
exhibit defect induced surface traps that can reverse the effect of chemical doping and
decrease the P-Si conductance by several orders of magnitude.[38] Measurements were
carried out by sandwiching porous silicon electrodes between two plates connected with
copper wires, and performing I-V curves. This forces the porous silicon layer to be a
resistive component in series with the bulk silicon, enabling us to assess the effect of surface
passivation on the porous silicon electrical properties. We find the conductance to increase
between 3-5 orders of magnitude through C-passivation, calculated over the Ohmic region
from current-voltage scans shown in Figure 6.5b. This observation is complimented by two

additional observations, (i) post C-passivation Si etch experiments in KOH led to small,

polydispersed flakes at 550-700 °C and coherent films at 650-800 °C (Figure 6.6), and (ii)
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Figure 6.4: (a) Schematic of dye sensitized solar cells fabricated with C-passivated porous
silicon counter electrode. (b) Front (left) and back (right) view of DSSC with C-passivated
porous silicon counter electrode.
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TEM imaging of C-passivated regions did not show a distinct layer thickness dependence
between the different C-passivation temperatures. We do not anticipate that the formation
of an oxide layer would affect this result since we observe no presence of an oxide layer
in these materials (Raman and TEM analysis), and any effect of an oxide layer on the
conductivity would be consistent across all samples. This leads us to conclude that (i) ramp
conditions with terminal temperatures below 700 °C lead to incomplete surface passivation,
in turn leading to exposed Si surface, (ii) ramp conditions from 650-800 °C lead to ideal
surface passivation, and (iii) terminal temperatures in ramp conditions of 900 °C and above
lead to thicker, less crystalline carbon passivation layers ( Figure 6.5¢).

DSSCs were constructed with the C-passivated porous silicon fabricated at the three
conditions and compared to reference DSSCs constructed with standard Pt counter elec-
trodes. Photocurrent spectra of DSSCs under AM 1.5 illumination are shown in Figure
6.7a. The short circuit current density (J4.), open circuit voltage (V,.), calculated effi-
ciency, and fill factor (FF) are summarized in Table 1. DSSCs with a P-Si counter electrode
exhibited an efficiency of 0.21 % relative to an efficiency of 5.80 % for the platinized FTO
counter electrodes, which we can attribute to either the poor electrochemical stability native
to unpassivated silicon that drives corrosion, the lack of conductivity (Figure 6.5b), or the
lack of catalytically active sites for triiodide reduction that are developed through surface
modification. DSSCs made with 650-800 °C C-passivated P-Si exhibited efficiency of 5.38
%, which is comparable to solar cells constructed using Pt counter electrodes. Compar-
atively, DSSCs constructed with C-passivation conditions of 550-700 °C and 750-900 °C
exhibited efficiencies of 2.13 % and 3.95 % respectively. This indicates C-passivation at
temperatures of 650-800 °C leads to ideal performance that seems to correlate with pre-
vious material charge-transport analysis shown in Figure 6.5. We also note that DSSCs
fabricated with C-passivation at 750-900 °C had a relatively good efficiency and fill factor
compared to P-Si and those constructed at 550-700 °C. This can be attributed to the full

coverage and passivation of porous silicon by carbon which minimizes the charge recom-
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Figure 6.5: (a) Raman spectra of pristine porous silicon and porous silicon C-passivated at
different temperatures, peaks are normalized to the 1602 cm-1 G-peak. (b) Calculated con-
ductance values for porous silicon and C-passivated porous silicon at different temperatures
with inset schematic of through plane measurement setup. (c) Schematic representation of
carbon coating (black) on a section of porous silicon (yellow) for each sample type. The
coating coverage and thickness were determined using data from cyclic voltammetry, elec-
trochemical impedance spectroscopy and through plane conductivity. The structure on the
right is shaded differently to indicate the higher ratio of sp> to sp? carbon.
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Figure 6.6: An image of the carbon coating when silicon has been dissolved away via KOH
etching. C-passivated P-Si at 550-700 °C has no visible carbon while those passivated at
650-800 °C has some visible pieces of carbon and C-passivated P-Si at 750-900 °C has one
large piece of carbon that did not break apart..

bination on the surface and lowers the charge transfer resistance. Long-term illumination
studies of the passivated P-Si counter electrodes in comparison to Pt (SI, Figure S7) em-
phasize the ability for the passivation layer to enable long-term operation of this electrode
material.

To understand these inherent differences in performance, the C-passivated P-Si counter
electrodes were characterized with electrochemical impedance spectroscopy (EIS), and
cyclic voltammetry. EIS was performed on symmetric counter electrode cells over a fre-
quency range of 10-1-105 Hz in order to investigate the charge transfer properties in the
system (Figure 6.7b). The first semicircle is representative of the charge transfer resis-
tance and double layer capacitance at the cathode. The second, low frequency semicircle
is indicative of electrolyte diffusion between electrodes. The observed differences in the
impedance between the DSSCs constructed with Pt counter electrode and the C-passivated
P-Si at 650-800 °C (Figure 6.7b) is attributed to a combination of (i) higher resistance to
electron transfer, stemming from the insulating porous silicon interface between the carbon
coating and conductive silicon substrate, and (ii) slower ionic diffusion likely due to the

poor reduction of triiodide species at the C-passivated P-Si relative to the planar Pt. To
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Figure 6.7: (a) J-V curves of DSSCs designed with the C-passivated porous silicon fab-
ricated at different temperatures under AM 1.5 G illumination. The J-V curve of the Pt
counter electrode is included as well. (b) Nyquist plots of symmetric cells made from car-
bon coated porous silicon and platinum under zero voltage bias over a frequency range
of 107! to 10° Hz with equivalent circuit diagram provided (inset). Here CPE refers to
constant phase element, R, refers to charge transfer resistance, and R refers to series
resistance. (c) Calculated series and charge transfer resistances of different counter elec-
trodes measured over identical P-Si sample areas of 0.12 cm?. (d) Cyclic voltammograms
of carbon coated porous silicon fabricated at 650 °800 °C and Pt. Reaction 1 refers to
31, +2e” —— 2137 and reaction 2 refers tol3~ + 2e~ —— 317, the latter occurring at the
counter electrode.
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further elucidate these mechanisms, an appropriate equivalent circuit model was fit to the
system [39] provided in the inset of Figure 6.7b. Series (Ry) and charge transfer (R.;) re-
sistances were calculated from the circuit model shown in Figure 6.7c. The model reveals
that the series and charge transfer resistances of both pristine P-Si and C-passivated P-Si
thermally treated at 550-700 °C are orders of magnitude higher than the corresponding
resistances of samples treated at 650-800 °C, 750-900 °C, and Pt. The magnitude of the re-
sistances found with P-Si and the 550-700 °C sample is attributed to corrosion occurring on
exposed Si surface.[32, 33] Series resistance varies with C-passivation thickness,[36, 37]
and is lowest for the platinum sample, and increases for the 650-800 °C sample and 750-900
°C sample.[40, 41] It should be noted that this is qualitatively in agreement with through-
plane conductivity measurements ( Figure 6.5b), even though this value of Rs is more rele-
vant to the electrode-limited resistance of the full device with the porous silicon-electrolyte
interface. The lower R.; of Pt is a result of less recombination at the cathode relative to
C-passivated P-Si, and hence slightly faster kinetics of triiodide reduction that is indica-
tive of an efficient counter electrode material. The 750-900 °C treated P-Si sample has a
higher R, than the 650-800 °C treated samples due to its reduced ability for triiodide reduc-
tion - a result of its highly defective carbon coating. These effects enhance the interfacial
charge transfer events, lower the overall resistance, and augment the efficiencies and fill
factor. Nyquist plots of only Pt counter electrodes and C-passivated P-Si thermally treated
at 650-800 °C are shown in Figure 6.7b. In order to further understand the electrochemical
properties of the different C-passivated porous silicon samples, cyclic voltammetry (CV)
measurements were carried out in a three electrode setup. The CV curve of the Pt counter
electrode (Figure 6.7d) is similar to that found in the literature.[42] Two sets of peaks were
observed corresponding to the reduction of iodine to triiodide given by redox reactions 6.1

and reduction of triiodide to iodide ions given by reaction 6.2,
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3h+2e — 213 6.1)

I~ +2e — 31 (6.2)

The separation of the reduction and oxidation peaks, Epp, is indicative of the electro-
chemical catalytic activity of the counter electrodes which is independent of their surface
area.[14, 42] Values for E,, of 0.40 and 0.43 V were found for the samples passivated at
650-800 °C and Pt, respectively, which indicates that the catalytic ability of C-passivated
P-Si for the I"/I5 redox couple is on par with Pt. Porous-Si samples passivated at 750-900
°C exhibited an E,, value of 0.54, indicating that the surface passivation at the higher tem-
peratures is not as effective of a catalyst, due to the high defect ratio.[43] Due to the high
surface area of porous silicon, the redox peaks are much larger for the C-passivated P-Si
than for the planar Pt, which explains the comparable efficiencies of the DSSCs. CV mea-
surements of both P-Si and the C-passivated samples at 550-700 °C (Figure 6.8) show their
poor catalytic activity for I"/I; oxidation reaction. The incomplete passivation achieved
at 550-700 °C likely gives rise to high charge recombination on the exposed Si and inade-
quate redox chemistries resulting in low efficiencies and poor fill factor. We note that we
also performed a control experiment using planar silicon as a counter electrode for DSSC
(Figure 6.9) and did not observe a measurable photocurrent.

Overall, whereas we emphasize in this work that passivated Si materials are viable can-
didates for the replacement of Pt in DSSCs, our results indicate a synergistic co-dependence
of the passivation layer and silicon material properties that dictate overall behavior. In
regimes of incomplete passivation, poor device performance is indicative of poor charge-
transport properties and a high R, that inhibits redox activity. However, in regimes of com-
plete passivation with poor quality coatings, inefficient redox activity inhibits performance

matching Pt reference cells. The benefit of silicon in such a material platform is the tun-
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Figure 6.8: Cyclic voltammograms of all samples carried out in a three electrode setup
using nitrogen bubbled acetonitrile which contained 0.1 M LiClO4, 10 mM Lil and 1 mM
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Figure 6.9: Stability tests of DSSCs with Pt and C-passivated P-Si counter electrodes over
two hours. Results indicate that porous silicon stability is comparable to Pt on the observed
timescale
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able surface chemistry between the silicon and carbon that can enable optimal performance
as a counter electrode in a DSSC. Whereas we demonstrate this to be a viable platform
that can be utilized in the context of an on-chip system, we emphasize the versatility of
this technique to scale to a diverse scope of microscale and nanoscale silicon heteroge-
neous materials that can provide a new, sustainable alternative material for efficient DSSC
fabrication. In comparison to other solar energy conversion systems using silicon, where
processing and interface optimization are necessary to enable efficient device performance,
we demonstrate heterogeneous porous silicon materials that natively exhibit the capability

to be electrodes for DSSCs with appropriate surface modification.

6.4 Conclusions

While our specific work is focused on thermally applied carbon passivation layers re-
sembling graphene, the use of silicon reflects a versatile chemical platform for optimizing
the electrode-electrolyte interface in a DSSC using scalable routes such as wet-chemical,
thermal, and electrochemical passivation. Compared to other homogenous materials em-
ployed as counter electrodes in DSSCs, this approach represents the utilization of a het-
erogeneous material interface that we propose provides enhanced flexibility in achieving
scalable device optimization. As silicon exists in nearly all applications as a heteroge-
nous material in some form, and these applications represent the majority of our current
technological infrastructure, we see this approach as directly building upon a material plat-
form already-integrated into scalable industrial manufacturing processes. Furthermore, as
DSSCs involve a native low-cost cell design with promise for versatility and cost that could
ultimately replace silicon photovoltaics, we emphasize the fascinating notion of silicon to
empower such a transition for DSSCs. As raw material costs of silicon are only a minor
portion of commercial PV costs, the low-cost assembly of Si-based DSSCs to replace con-
ventional PV platforms could build upon, instead of compete with, aggressive worldwide

government-corporate investments aimed to improve upon silicon manufacturing for solar
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applications.

6.5 Methods

TiO, Anode Preparation. Anodes were fabricated by first drilling holes in FTO glass
(MTI Corp.). FTO glass slides were then sonicated in successive baths of isopropanol/ace-
tone with 1% Triton-X100 and isopropanol/acetone for 30 minutes each, respectively.
Glass slides were then rinsed with isopropanol then acetone and dried with nitrogen. Glass
slides were treated with 40 mM TiCly in water for 30 min at 70 °C and then dried in air. A
10 micron thick layer of 20 nm TiO, nanoparticles (Dyesol Inc., MS002010) was applied
via the doctor blade technique onto the FTO glass using one layer of scotch tape (3M) to
control the thickness of the layer. TiO, coated anodes were annealed at 500 °C for 30
minutes in air followed by another 40 mM TiCly treatment for 12 hours at 35 °C. This
treatment is crucial to cell performance as a TiO; sol gel is formed and fills gaps in the
mesoporous TiO, nanoparticle layer preventing recombination of e /h™ pairs. A scatter-
ing layer comprised of 300 nm TiO; nanoparticles (Dyesol Inc., MS002260) is added on
top of the active layer and annealed at 500 °C. Finally, anodes were immersed in 0.6 mM
cis-bis(isothiocyanato) bis(2,2-bipyridyl-4,4-dicarboxylato)ruthenium(Il) (N-719 Dye) in
ethanol overnight (Sigma, 703206).

C-Passivation of Porous Silicon. Highly boron-doped (0.01-0.2 Qcm) silicon wafers
(University Wafer) were etched in an electrochemical cell using a spiral Pt counter elec-
trode according to our previously published procedure.[29] A 180 second etch process was
utilized with a current density of 45 mA/cm? in a 3:8 v/v HF (50% H,0 by volume) and
ethanol solution. This produces porous silicon materials with ~75% porosity, confirmed
by optical reflectrometry, and an average pore size just under 25 nm.[44] Porous silicon
was stored under N, until carbonization. For C-passivation, a porous silicon wafer was
placed into a tube furnace at room temperature and the furnace was evacuated to 2 mTorr.

Next, 1000 sccm of Ar and 200 sccm of Hy were introduced to the system and the furnace
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was ramped to Ty. T; was equal to 550 °C, 650 °C and 750 °C for the three different
C-passivated P-Si samples respectively. The purpose of the H; is to maintain a reducing
environment that preserves the surface stability of the unpassivated porous silicon from
oxidation. Acetylene was introduced and the temperature was ramped to T; + 100. Ten
minutes after CoHj; introduction, the temperature was ramped to T1+150 for 10 minutes.
This process was chosen since our observations in preliminary experiments demonstrated
(i) porous silicon is not thermally stable without passivation above 750 °C, (ii) carbon
coating thermally stabilizes the porous silicon up to ~1000 °C or higher, and (iii) the best
quality of carbon materials based on Raman spectroscopy analysis were formed in the tem-
perature range between 550-850 °C. Therefore, these conditions are able to optimize both
the reactivity of the silicon for coating, the quality of carbon material, and the preservation
of the nanoscale structure of the porous silicon after treatment. Following the second 10
minute step, CoH, flow was discontinued and the sample was allowed to cool to 50 °C in
an Ar and H, atmosphere. Samples were stored in an N, atmosphere until use to prevent
oxidation.

DSSC Fabrication. Platinum cathodes were prepared by brushing 25 mM H;,PtClg (Sigma
254029) in isopropanol onto clean FTO glass substrates. Samples were then calcined at
450-C for one hour. The cathode and anode were heat sealed with surlyn film (McMaster
Carr, 7622A41) and filled with the electrolyte comprised of 50 mM I, 500 mM Lil and
500 mM tertbuylpyridine (TBP) in acetonitrile, and heat sealed.

Electrochemical Testing. Dye sensitized solar cells were tested over a potential range of
-1 to 1 V at a scan rate of 50 mV/s under AM 1.5 illumination (100 mW/cm?) with a New-
port solar simulator and power supply. An area of 0.12 cm? was illuminated, the remainder
was covered with a shadow mask. Cyclic voltammetry measurements were carried out in
a three electrode setup using nitrogen bubbled acetonitrile which contained 0.1 M LiClQOy,
10 mM Lil and 1 mM I, as an electrolyte over a potential range of 1 to -0.8 V. A Pt foil

was used as the counter electrode, Ag/AgCl was used as a reference electrode. Electro-
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chemical impedance spectroscopy measurements were performed over a frequency range
of 1071-10° Hz. A MetroOhm PGSTAT101 potentiostat was used for all electrochemical
measurements.

Material Characterization. An FEI Osiris TEM was used with an accelerating voltage of
200 kV for all TEM imaging. Raman spectra were gathered using a 532 nm DPSS laser
in which the output power was limited to 10% (maximum output power and S0mW). The
Raman scattered photons were dispersed by a 1200 lines/mm grating monochromator and

collected by a CCD camera with a 50x objective lens.
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Chapter 7

SUMMARY AND OUTLOOK

In this work we investigated the use of shape controlled noble metal nanostructures for
improvement to photovoltaic and photoelectrochemical light harvesting devices. This work
provides key insights into the mechanisms which enable plasmon enhancement of light
harvesting devices, and provides a guide for future enhancement schemes. Additionally,
we used the expertise gained through our studies to pursue further advancements in light
manipulation with shape controlled metal nanostructures, as well as alternative materials
solutions for redox electrodes in dye-sensitized photoelectrochemical cells.

We achieved a 14 x enhancement in external quantum efficiency of TiO, photoanodes,
when comparing plasmon enhanced versus control photoanodes using bimetallic Au-Ag
nanocrystals. Experiments and calculations have shown that the shape and composition of
nanostructures play strong roles in the localized surface plasmon resonant enhancement of
TiO, in water splitting systems; however, nanostructures in the ~80 nm size range are too
large to accomplish the level of sensitization achievable by small (~1 nm) dye molecules
such as N719. Future directions for plasmon enhancement of photoelectrochemical sys-
tems should exploit non-radiative effects by harnessing hot carrier injection in small (<30
nm) nanostructures. Additionally, plasmonic nanoparticles may provide a platform for en-
hancement in spectral regions unaccessible by commercially available dyes - essentially
acting as a dual sensitizer system.

In OPV systems, strong near field enhancement plays a significant role in PCE improve-
ment, up to 11%. Our experiments, supported by electrodynamic simulations indicate that
PCE enhancement results from a distortion of the electric field in the active layer, rather
than overall light absorption enhancement. Future experiments should focus on elucidation

of the effect of non-radiative energy transfer in the nanoparticle enhanced OPV system via
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ultrafast spectroscopy and modeling. The conclusions of our study can also be applied to a
variety of OPV systems and are important to consider for any optoelectronic devices which
are limited by charge transport.

Finally, the use of high surface area carbon coated porous silicon substrates as a redox
electrode in dye sensitized solar cells enabled us to design a platinum-free photoelectro-
chemical device with only a 7% drop in PCE. It was found that defects in the carbon pas-
sivation layer actually played a large role in inducing catalytic activity. By using a similar
high surface area passivated substrate, it is possible to improve the activity such that the
PCE remains the same or is improved. This may be achieved by tailoring the activity of the
carbon passivation layer by doping with nitrogen atoms.

The work herein has elucidated mechanisms and schemes for improvement of the ef-
ficiency and economic feasibility of light capture devices using plasmonic nanostructures
among other innovative materials. The potential to apply these materials and methods to a
variety of energy conversion devices is strong and moves us one step closer to realizing a

future of renewable energy.
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A.l.1

Appendix A

Chemical Synthesis of Nanostructures

A.1  Au Nanocube Synthesis
List of Materials

100 mM Hexadecyltrimethylammonium bromide (CTAB) (Sigma-Aldrich 855820)
(547 mg + 15 mL H,O)

10 mM Sodium borohydride (Sigma-Aldrich 8.18823) (38 mg + 10 mL H,O) *freshly
made, ice cold

10 mM Chloroauric acid (Sjgma-Aldrich 254169) (0.15 mL of 100 mM stock + 1.35
mL HZO)

100 mM Ascorbic acid (Sigma-Aldrich A0278) (352 mg + 20 mL H,O) *freshly
made

A.1.2  Synthesis Protocol

1.

Mix Precursor Solution

To a 20 mL vial with small egg shaped stir bar add, 7.5 mL of 100 mM CTAB, 2.75
mL H>0 and 250 uL of 10 mM HAuCly. Mix together by inversion, then place in
a 35 °C pre-heated H>O bath for enough time to allow temperature to equilibrate in
solution (Approximately 10 minutes).

. Prepare Au Seed Solution

While stirring vigorously, inject 600 uL of ice cold 10 mM NaBHy, let stir for one
minute. Transfer vial to 35 °C water bath and let sit for one hour. After one hour,
remove solution and dilute 10:1 with Milli-Q water.

. Au Nanocube Synthesis

Measure 32 g of ultrapure water by weight into a 50 mL conical tube. To the 32 mL
of water, add sequentially: 6.4 mL of 100 mM CTAB, 0.8 mL of 10 mM HAuCly
and 3.8 mL of 100 mM ascorbic acid, 20 puL of the 10x diluted seed solution. Mix
with several gentle inversions, then place back in conical tube at 35 °C in water bath
for five hours.

Storage and Washing

Nanocrystals are coated with CTAB and are stable for up to 30 days when stored
in the dark at 40 °C. In order to wash nanoparticles, CTAB in solution must be
decrystallized by heating solution to 35 °C in a water bath. To wash, centrifuge
at 1100 rcf and redisperse in water 3 x.
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A21

A.2 Au@Ag Bimetallic Nanocrystal Synthesis
List of Materials

20 mM Hexadecyltrimethylammonium chloride (CTAC) (Sigma-Aldrich 52366) (384
mg CTAC + 120 mL H,0)

10 mM Potassium bromide (Sigma-Aldrich 449962) (6 mg + 5 mL H,O) *freshly
made, ice cold

10 mM Silver nitrate (Sigma-Aldrich 209139) (5 mg + 3 mL H,O)
100 mM Ascorbic acid (Sigma-Aldrich A0278) (35 mg + 2 mL H,0) *freshly made

AuNC seed (from previous section)

A.2.2 Synthesis Protocol

1.

Preparation of Au Seeds

Pre-heat water bath to 65 °C, decrystallize CTAB AuNCs, centrifuge 10 mL of
AuNCs at 1100 RCF for 15 min. Remove supernatant and redisperse in 5 mL 20
mM CTAC; let sit for 15 minutes. Repeat centrifugation step twice, after the final
centrifugation redisperse in 660 uL. of MQ H;O.

Prepare growth solution
To a 50 mL centrifuge tube, add: 30 mL 20 mM CTAC, 1.2 mL concentrated AuNC
seeds, 300 uL 10 mM KBr. Place in 65 °C water bath to equilibrate for 10 min.

. Begin Ag growth

Remove centrifuge tube from water bath and immediately add: 300 uL. 10 mM
AgNO3 and 900 uL 100 mM Ascorbic Acid. Mix by inversion and place in 65
°C water bath for two hours.

. Storage and Washing

Nanocrystals are coated with CTAB and are stable for up to 30 days when stored
in the dark at 40 °C. In order to wash nanoparticles, CTAB in solution must be
decrystallized by heating solution to 35 °C in a water bath. To wash, centrifuge
at 1100 rcf and redisperse in water 3 x.
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A.3  Au Nanosphere Synthesis
A.3.1 List of Materials

* 62.5 mg Potassium carbonate (Sigma Aldrich 791776)
* 3.75 mL 1wt.% Chloroauric acid (Sjgma-Aldrich 254169)
* 250 mL Milli-Q water

* 1.25 mL 37% formaldehyde (Sigma-Aldrich 252549)

1. Potassium carbonate solution preparation
Add 0.25 L Milli-Q water, 62.5 mg potassium carbonate and 3.75 mL 1% Chloroau-
ric acid (HAuCly) to a dark glass bottle and allow solution to age for 24-48 hours in
the dark.

2. Nanoparticle synthesis
Pour potassium carbonate/HAuCly solution into a clear glass container and place
a stir bar in the solution. Begin stirring at around 1000 rpm. Add 1.25 mL 37%
formaldehyde. Wait until solution turns colors. First, it will turn a light purple, and
progressively get darker as the particles grow in size. The synthesis is finished when
particles have been scattering light for two minutes.

0 min

3. Washing
Add particles to 50 mL centrifuge tubes and centrifuge them at 1000-1200 rcf for 15
minutes. Decant, redisperse in 15 mL and repeat.
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A4.1

A.4 Silica Coating
List of Materials
Hydrochloric acid (Sigma-Aldrich 320331)
0.54 wt. % aqueous sodium silicate (Sigma-Aldrich 338443)
1 mM (3-aminopropyl)triethyloxysilane (Sigma-Aldrich 440140)

30 mL washed metal nanoparticle solution (from previous section)

A.4.2  Synthesis Protocol

1.

Oil bath preparation

Pour silicone oil into an open top glass dish. Place the oil bath into a heating mantle,
making sure that the oil bath walls make good contact with the mantle. If necessary,
use heat-conducting tape. Place thermocouple in oil bath so that the tip is in solution,
but not touching the glass. Set temperature controller to 90 °C. Be careful that the
controller does not overshoot. If it does, stop heating until the temperature returns to
approximately 90 °C. Stabilization of the oil bath at 90 °C may take up to an hour.

. Sodium silicate preparation (0.54 wt%)

Calibrate pH meter with pH 10 and pH 7 buffers. Add 2 mL of 27 wt% sodium
silicate solution to a 100 mL beaker while stirring. Add 96.8 mL Milli-Q water and
1.2 mL 5 N HCI. The pH of the as prepared solution should be 10.2. If it is in the
range of 10.0-10.4 use the solution as is. If it is not, use 5 N HCI (100 uL drops)
to adjust the pH to 10.2. The resulting solution is 0.54 wt% sodium silicate. This
solution must be freshly prepared before use. If pH is too high, ® will dissolve the
silica layer, if it is too low, silica layers will grow too thick.

. APTES solution preparation (1 mM)

Mix 18.3 uL 97 wt% APTES with 100 mL milli-Q water and stir briefly. This
solution must be freshly prepared before use.

Gold solution preparation

In a 50 mL round bottom flask (single neck or three neck) add 30 mL of washed
gold nanoparticle solution. The solution should be at a concentration such that the
absorption peak intensity is between 1.5 and 2.5. Place a 17 stir bar in the flask as
well. Make sure that all flask openings are plugged.

. Addition of APTES solution

Mount 50 mL flask above stir plate and begin stirring at roughly 300 rpm - just
enough so that you can tell the gold solution is being well mixed. Add 0.4 mL of
1 mM APTES and stir for 15 minutes. Very important: Too high stirring speeds
will not allow the silica to stick to the gold nanoparticles. Too low stirring will not
provide the mixing required for the reaction.
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6. Addition of sodium silicate solution
Add 3.2 mL of 0.54 wt% sodium silicate solution to the flask and stir at room temper-
ature for 3 minutes. Place in oil bath and continue stirring at low speed until desired
thickness is reached.

* Twenty minutes of heating results in a silica shell with a thickness of approxi-
mately 2 nm.
* One hour of heating results in a shell with a thickness of approximately 5 nm.
* Eight hours of heating results in a shell of approximately 10 nm thickness.
7. Quenching the reaction
Once the desired silica thickness is reached, remove the flask from the oil bath. Pour

the contents of the flask into two 15 mL centrifuge tubes and place in ice for five
minutes.

8. Washing and storage
Centrifuge for 15 minutes at 1500 rcf. Remove supernatant and redisperse in 15 mL
milli-Q water. Centrifuge again for 15 minutes at 1500 rcf.
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Appendix B

Fabrication of Photovoltaic Devices

B.1 Fabrication of P3HT:PCBM Organic Photovoltaics
B.1.1 List of Materials

* Indium doped tin oxide (ITO) coated glass (Thin Film Devices Inc.)

* Poly(3,4-ethylenedioxythiophene) Polystyrene sulfonate (PEDOT:PSS) in water (Her-
aeus)

* 0.45 micron PVDF filter (Fisher Scientific HVLP01300)

* Regio-regular poly(3-hexylthiophene-2,5-diyl) (P3HT), MW ~30,000 (Sigma-Aldrich
698989)

6,6 -Phenyl C61 butyric acid methyl ester (PCBM) (Nano-C Inc.)
* 1,2-Dichlorobenzene, anhydrous (Sigma-Aldrich 240664)
* Vacuum grade lithium fluoride

* Vacuum grade aluminum

B.1.2 Equipment

* Spin coater in normal atmospheric conditions

* Spin coater in inert atmosphere

Hot plate

* Resistive evaporation deposition system with sample mask

AM 1.5 solar simulator and power source

Potentiostat or sourcemeter

Sample mask and electrical contacts for testing
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B.1.3 Fabrication Protocol

1. Substrate Preparation
Begin by using as purchased 1 inch square ITO glass. Because the glass is clean upon
arrival, the cleaning steps are limited to ten minutes in a plasma cleaner at medium
power. This plasma treatment removes adventitious carbon from the ITO surface
making the surface more hydrophilic for PEDOT:PSS deposition and improving the
work function of the ITO. When purchasing ITO, pay special attention to the surface
roughness; if the surface roughness is too high, it may cause shorting in the device.

2. Buffer Layer Deposition

Using as purchased PEDOT:PSS, pass the solution through a 0.45 micron PVDF
filter using a syringe. Before deposition, blow the substrate off with nitrogen to
remove any particulate. For a 40-50 nm layer, drop 250 microliters of solution onto
glass and spin coat at 500 rpm for 15 seconds to allow the liquid to spread, followed
by a 30 second spin at 3000 rpm. Following deposition, anneal the film on a hot
plate at 150 °C for 10 minutes to remove any water from the film. Immediately
place substrate into tightly fitting petri dish, and move to an nitrogen atmosphere for
further processing. The anneal and subsequent transfer to an inert atmosphere serve
to ensure that all water is forced from the PEDOT:PSS film.

3. Active Layer Deposition

The active layer consists of P3BHT and PCBM (1:1 by mass) in 1,2-dichlorobenzene
at a total concentration of 40 mg/mL. The blend should be stirred at 40 °C in the
glove box overnight. Prior to spin coating, pass the mixture through a 0.45 micron
PVDF filter. Drop 200 microliters of the solution onto the substrate and allow it to
spread across the substrate. Spin coat using a two step process: 2000 rpm for 2 s
followed by 800 rpm for 15 s. The first step removes bulk solvent, increasing overall
uniformity of the film, while the second step allows for partial solvent evaporation.
Immediately after spin coating, transfer the sample into a well sealed petri dish and
allow it to solvent anneal. During the solvent anneal, the film turns from purple to
orange, indicating that solvent is evaporating from the film. The solvent anneal is of
crucial importance, as it allows for the formation of an ordered bulk heterojunction
between the donor (P3HT) and acceptor (PCBM) phases. If spin coating is too long,
and no solvent is left for a solvent anneal, the morphology will be finely mixed,
inhibiting charge transport. If too much solvent is left after spin coating, pinholes
may form in the active layer, increasing shorting in the device. After solvent anneal,
thermally anneal the sample at 140 °C for 10 minutes in an inert atmosphere. Store
in a dark, inert atmosphere until cathode deposition.

4. Cathode Deposition
Place sample face down into evaporation mask. Using a resistive evaporator evapo-
rate 1 nm LiF at a rate of 0.1 A/s, followed by a 100 nm layer of Al at a rate of 1.5

Als.

5. Device Characterization
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Test devices over a desired potential range (-1V:1V) under AM 1.5 conditions. Typi-
cal devices should exhibit short circuit current densities of 5-15 mA/cm?, open circuit
voltages in the range of 0.6-0.7 V and a fill factor between 0.5 and 0.7, resulting in
efficiencies up to ~4%.
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B.2.1

B.2 Fabrication of TiO, Water Splitting Anodes
List of Materials

P25 TiO, powder (Sigma-Aldrich 718467)
FTO Glass (MTI Inc.)

Silicone paste (Sigma-Aldrich 804002)
Triton X-100 (Sigma-Aldrich 234729)
Isopropanol

Acetone

B.2.2 Equipment

Spin coater in normal atmospheric conditions
Hot plate

Glass flask with quartz window

AM 1.5 solar simulator and power source
Potentiostat or sourcemeter

Ag/AgCl reference electrode

Pt foil

B.2.3 Fabrication Protocol

1.

Substrate Preparation

Begin by using as purchased 1/2” x 1” FTO glass. Submerge FTO glass pieces in
IPA/Acetone with 1wt.% Triton-X and sonicate for 30 minutes, followed by a second
cycle with IPA/Acetone. Sequentially rinse with Acetone and IPA, respectively and
dry under a stream of nitrogen.

Calculate Metal Nanoparticle Concentration

A Varian Cary 5000 UV-vis NIR spectrophotometer (Agilent Technologies) with dual
beam capability was used to measure the extinction of the AuNPs and Au-Ag NSs
in aqueous media using a 1 cm path length cuvette. The nanoparticle size, geom-
etry, and composition were characterized using Osiris TEM at 200 keV. In order
to correlate the absorbance of nanoparticle solutions with the weight percent metal,
nanoparticles of a known absorbance and volume were first dried in an oven at 70
°C overnight. The mass left over from dried nanoparticles was then determined via
thermogravimetric analysis (TGA), and the sample composition was analyzed. More
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volatile substances (reducing agents and surfactants) evaporated, leaving only metal
behind. Therefore, the fraction of mass remaining after drying was all due to the
metal. TGA was conducted on Instrument Specialists TGA-1000; all nanostructures
were heated to 600 °C at the rate of 20 °C min~!.

. TiO; Solution Preparation
A solution was prepared with 3 mL ethanol, 0.1 g of P25 and varied amounts of metal
nanostructures according to the previous step.

. TiO; Anode Deposition

The TiO; solution from the previous step was spin coated onto the substrate for 30
seconds at 600 rpm, followed by 60 seconds at 800 rpm. Following spin coating, an-
odes were annealed at 450 °C for 45 minutes to ensure that TiO, was fully converted
to anatase phase. Any exposed FTO was coated with silicone paste to prevent any
interaction with the electrochemical system.

. Electrochemical Characterization

Photocatalytic water splitting capability of anodes was tested over a potential range
of -1 to 1 V at a scan rate of 50 mV s~! under AM 1.5G illumination (100 mW
cm™2) with a Newport solar simulator and power supply. An average area of 0.2 cm?
was illuminated. Electrochemical measurements were conducted in a three electrode
setup. A Pt foil was used as the counter electrode, Ag/AgCl was used as a reference
electrode. A MetroOhm PGSTAT101 potentiostat was used for all electrochemical
measurements. Chronoamperometry experiments were performed at zero bias volt-
age, and light chopping experiments were performed by blocking the solar simulator
at intervals of 10 seconds. Incident photon to charge carrier efficiency (IPCE) mea-
surements were conducted with a Newport system with a 300W Xe light source,
monochromator, and Si detector.
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B.3 Fabrication of Dye Sensitized Solar Cells
B.3.1 Materials

* N-719 Dye (cis-bis(isothiocyanato) bis(2,2-bipyridyl-4,4-dicarboxylato)ruthenium(Il))
(Sigma-Aldrich 703206 )

* 20 nm TiO, Paste (Dyesol Inc. MS002010)
* 300 nm TiO; Paste (Dyesol Inc. MS002060)
* Scotch Tape (3M)

* FTO glass (MTI Inc.)

e Surlyn (McMaster Carr 7622A41)

* Triton X-100 (Sigma-Aldrich 234729)

* Anhydrous ethanol

* Highly boron doped Si (University Wafer)

e Titanium tetrachloride (Sigma-Aldrich 254312)
* [sopropanol

* Acetone

* Chloroplatinic acid hydraate (Sigma 254029)

B.3.2 Equipment

e Am 1.5G solar simulator
e Tube Furnace with mass flow controllers and access to Ar, H, and C,H,
* Glovebox (<0.5 ppm O»)

¢ Electrochemical silicon etcher

B.3.3 Fabrication Protocol

1. TiO, Anode Preparation
Anodes were fabricated by first drilling holes in FTO glass (MTI Corp.). FTO glass
slides were then sonicated in successive baths of isopropanol/acetone with 1% Triton-
X100 and isopropanol/acetone for 30 minutes each, respectively. Glass slides were
then rinsed with isopropanol then acetone and dried with nitrogen. Glass slides were
treated with 40 mM TiCly in water for 30 min at 70 °C and then dried in air. A
10 micron thick layer of 20 nm TiO; nanoparticles was applied via the doctor blade
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technique onto the FTO glass using one layer of scotch tape (3M) to control the
thickness of the layer. TiO, coated anodes were annealed at 500 °C for 30 min-
utes in air followed by another 40 mM TiCly treatment for 12 hours at 35 °C. This
treatment is crucial to cell performance as a TiO, sol gel is formed and fills gaps in
the mesoporous TiO, nanoparticle layer preventing recombination of e /h™ pairs. A
scattering layer comprised of 300 nm TiO; nanoparticles is added on top of the active
layer and annealed at 500 °C. Finally, anodes were immersed in 0.6 mM N-719 Dye
in ethanol overnight.

. Electrochemical Etching

Porous silicon (P-Si) etching was performed in a homemade electrochemical cell us-
ing a spiral Pt counterelectrode. Highly boron- doped (0.01-0.02Vcm) silicon wafers
were utilized in an etch process of duration 180 seconds with a current density of
45 mA/cm? in a 3:8 v/v HF (50%H,0 by volume) and ethanol solution. The etch
condition yielded ~75% porosity P-Si films confirmed by optical reflectivity mea-
surements. Following the P-Si etch process, the samples were washed in ethanol and
stored in a N; glove box until gas phase carbonization.

. C-Passivation of Porous Silicon

A 180 second etch process was utilized with a current density of 45 mA/cm? in a 3:8
v/v HF (50% H>O by volume) and ethanol solution. This produces porous silicon
materials with ~75% porosity, confirmed by optical reflectrometry, and an average
pore size just under 25 nm. Porous silicon was stored under N, until carbonization.
For C-passivation, a porous silicon wafer was placed into a tube furnace at room
temperature and the furnace was evacuated to 2 mTorr. Next, 1000 sccm of Ar and
200 sccm of H, were introduced to the system and the furnace was ramped to Tj.
T was equal to 550 °C, 650 °C and 750 °C for the three different C-passivated P-Si
samples respectively. The purpose of the H» is to maintain a reducing environment
that preserves the surface stability of the unpassivated porous silicon from oxidation.
Acetylene was introduced and the temperature was ramped to T + 100. Ten minutes
after CoHj introduction, the temperature was ramped to T1+150 for 10 minutes. This
process was chosen since our observations in preliminary experiments demonstrated
(i) porous silicon is not thermally stable without passivation above 750 °C, (ii) carbon
coating thermally stabilizes the porous silicon up to ~1000 °C or higher, and (iii)
the best ’quality” of carbon materials based on Raman spectroscopy analysis were
formed in the temperature range between 550-850 °C. Therefore, these conditions are
able to optimize both the reactivity of the silicon for coating, the quality of carbon
material, and the preservation of the nanoscale structure of the porous silicon after
treatment. Following the second 10 minute step, CoH, flow was discontinued and
the sample was allowed to cool to 50 °C in an Ar and H, atmosphere. Samples were
stored in an N, atmosphere until use to prevent oxidation.

. Electrolyte Preparation

The electrolyte was comprised of 50 mM I,, 500 mM Lil and 500 mM tertbuylpyri-
dine (TBP) in acetonitrile. The elecrtrolyte was replaced monthly and stored in a
dark, inert environment.
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5. Pt Electrode Fabrication
Platinum cathodes were prepared by brushing 25 mM H,PtClg in isopropanol onto
clean FTO glass substrates. Samples were then calcined at 450 °C for one hour

6. DSSC Fabrication
The cathode and anode were heat sealed with a miniature iron and surlyn film and
subsequently filled with the electrolyte. It is important that the electrode has two
holes, one to inject electrolyte and the other to allow air to escape.

7. Electrochemical Testing

Dye sensitized solar cells were tested over a potential range of -1 to 1 V at a scan
rate of 50 mV/s under AM 1.5 illumination (100 mW/cm?) with a Newport solar
simulator and power supply. An area of 0.12 cm? was illuminated, the remainder
was covered with a shadow mask. Cyclic voltammetry measurements were carried
out in a three electrode setup using nitrogen bubbled acetonitrile which contained 0.1
M LiClO4, 10 mM Lil and 1 mM I, as an electrolyte over a potential range of 1 to
-0.8 V. A Pt foil was used as the counter electrode, Ag/AgCl was used as a reference
electrode. Electrochemical impedance spectroscopy measurements were performed
over a frequency range of 10~!-10° Hz. A MetroOhm PGSTAT101 potentiostat was
used for all electrochemical measurements.

8. Material Characterization
An FEI Osiris TEM was used with an accelerating voltage of 200 kV for all TEM
imaging. Raman spectra were gathered using a 532 nm DPSS laser in which the
output power was limited to 10% (maximum output power and S0mW). The Raman
scattered photons were dispersed by a 1200 lines/mm grating monochromator and
collected by a CCD camera with a 50 x objective lens.
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