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Abstract
To this day, fossil fuels still make up over 80% of the earth’s energy production. Many sources

of renewable energy are available, but photovoltaics is the only source with the capacity proven
to meet the increasing world energy needs. Third generation devices such as dye-sensitized and
organic solar cells have gained much interest due to their cost effectiveness and flexibility but
have yet to become commercially viable. Here methods have been studied to improve these
devices with the use of Gold nanowire arrays. These additions provide plasmonic and light
scattering enhancements in dye-sensitized solar cells. Different TiO2 deposition methods have
been studied to protect the gold from the redox couple in the electrolyte. Several novel methods
have been undertaken to incorporate gold nanowire arrays in organic solar cells with some
success. Structural characterization shows the proposed architecture is achieved, but working
devices met suffered from low success rate.

.

Keywords: dye-sensitized solar cells; organic photovoltaics; gold nanowire arrays
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Chapter 1 Introduction and Background
1.1 Energy
For the last century, humans have mined and drilled the earth’s surface to obtain fossil
fuels, in order to feed mankind’s increasing appetite for energy. While vast improvements in
communication, transportation, information storage, and even health can be traced back to
mankind’s ability to convert energy stored in fossil fuels to useful energy such as electricity,
resources are now in long-term decline. Furthermore, emissions due to the burning of fossil
fuels can be correlated to a dangerous accumulation of CO2 in the atmosphere. In 2009 alone, it
is estimated that 10 gigatons of carbon was released into the atmosphere due to burning of fossil
fuels, and this number increases by 1-3% a year. Many scientist agree that if this number is not
drastically reduced, we will reach a ‘point of no return’ in 20 years, in which case, there will be
no turning back and by the end of this century, the earth will become warmer than it has been in
millions of years 1. With reports like this surfacing on a daily basis, it is staggering to think that
84% of the world’s energy is still produced by fossil fuels in the form of petroleum, coal, and
natural gas. For the sake of future generations, renewable energy sources must be developed and
utilized.

1.2 Photovoltaic Devices
Many sources of renewable energy are available, but photovoltaics is the only source
with the capacity proven to meet the increasing world energy needs. Enough solar energy strikes
the Earth in 1 hour to supply human energy consumption for an entire year 2. Also, using direct
solar radiation to produce electricity is an ideal way to employ nature’s energy flow due to the
fact that photovoltaic cells can be placed near the end user, avoiding transmission losses and
1

cost. In addition, solar panels operate without noise, toxic and greenhouse gas emissions and
require very little maintenance. Despite developments in the field over the past decades, solar
cells high cost has remained a limiting factor for implementing solar electricity on a large scale.
To date, photovoltaics has been dominated by solid-state junction devices, usually made of
silicon. Third generation devices, such as dye-sensitized solar cells (DSSC’s) and Organic
Photovoltaic cells (OPV), have recently emerged as a low-cost alternatives.

1.3 Dye sensitized solar cell fundamentals
Chemists have long studied semiconductor electrode behavior when immersed in
electrolytes containing suitable electron donor or acceptor molecules3-5. Upon illumination with
light of a sufficient wavelength to excite the semiconductor, it was observed that electrons could
be driven through an external circuit and cycled back to the electrolyte with the use of a counter
electrode, thus converting energy from light to electrical energy. TiO2, which is a wide band gap
(3.2eV) n-type semiconductor, stood out due to its stability, low cost and availability. One
noticeable limitation was that TiO2 only absorbs light in the UV region (< 385 nm), which
accounts for a very small region of the solar spectrum. The next step was to attach dyes, with
broad absorption, to sensitize the oxide, thus extending the device absorption to the visible
region and taking advantage of a greater portion of the solar spectrum6. While the dye helped
harvest lower energy photons, it was found that a thin monolayer of dye on a flat oxide surface
was not sufficient to capture the large amount of photons in the visible region of the solar
spectrum and efficiency was still low7. A breakthrough came in 1991, when O’Regan and
Gratzel 8 showed that the use of nanocrystalline TiO2 films gave sufficient surface area for
efficient light harvesting. Shortly thereafter, conversion efficiencies of 10% were reported on
devices based on these mesoporous TiO2 photoanodes9.
2

DSC devices are made up of two transparent conductive oxide (TCO) electrodes
sandwiched together. One, the photoanode, is covered with the semiconductor mesoporous film,
which is sensitized with a charge-transfer dye (usually a ruthenium based polypyridyl dye). The
other electrode (counter electrode) is covered with a nanometer scale layer of platinum in order
to catalyze the reactions that take place. The electrodes are separated by a layer of electrolyte.
This electrolyte usually consists of a redox system, such as the iodide/triiodide couple, dissolved
in organic solvent. Photoexcitation of the dye results in the injection of an electron into the
conduction band of the oxide. The electron diffuses through the oxide layer and is collected at
the TCO where is forced through an external circuit in order to reach the counter electrode.
Iodide is generated by the reduction of triiodide at the counter electrode. Iodide in turn diffuses
through the electrolyte and reduces the excited dye back to its ground state, which begins the
cycle over again.
One drawback of DSSCs is their relatively low efficiency compared to other, more
established photovoltaic cells. The overall efficiency at which a photovoltaic cell converts solar
energy into electric power is given by the following equation:

𝜂% =

𝑃𝑚𝑎𝑥 𝐼𝑠𝑐 ∙ 𝑉𝑜𝑐 ∙ 𝐹𝐹
=
× 100
𝑃𝑖𝑛
𝑃𝑖𝑛

Pmax is the maximum power output of the cell, Pin is the power of the light incident on the cell, Isc
is the short circuit current, Voc is the open-circuit voltage, and FF is the fill factor. The opencircuit voltage of DSSC’s is the energy gap between the chemical potential of the mediating
redox electrolyte and the Fermi level of the oxide, which is raised as a consequence of electrons
being injected from the dye. Since there is no current flow when the open-circuit voltage value is
obtained, the amount of electrons being injected into the oxide is equal to the amount of
3

electrons recombining with the dye or redox species. Therefore, the open-circuit voltage can be
increased by increasing recombination resistance, which allows for the Fermi level to be raised
higher, or by adjusting the redox potential of the electrolyte to increase the energy gap10. The
short-circuit current depends on the amount of the solar spectrum that the dye absorbs, the light
harvesting efficiency of the dye-loaded mesoporous film, the charge injection efficiency of the
dye into the conduction band of the oxide, and the efficiency at which electrons are transported
though the oxide and collected at the TCO11. The short-circuit current can be increased by
increasing any of these factors. The fill factor, which is the ratio of the actual power output of the
cell (ImaxVmax) and the theoretical output (IscVoc) depends mostly on the series resistance of the
components of the cell and the recombination resistance12. In order to achieve the highest
efficiency possible, recombination resistance should be high and series resistance should be low.
Every component of a DSSC can have an effect on its overall efficiency, and therefore,
much work has been done on optimizing the electrolyte13-15, the dye16-18, and the mesoporous
films19, 20. Out of all the measured parameters of DSSCs, increases in short-circuit current have
the strongest correlation to increases in overall cell efficiency, thus improving photocurrent is the
motivation behind the bulk of the research done. Ideally, every photon that is incident on the
active area of the cell would be absorbed by a dye molecule and converted into an electron. Even
with monolayers of dye overlapping one another, as in mesoporous films, photons of longer
wavelengths (near-IR), which are weakly absorbed by the dye, can pass through the film without
being absorbed. It has been demonstrated that the harvesting efficiency of these lower energy
photons can be increased by adding a layer of larger particles, which has a scattering effect and
increases the pathlength of the photons, thereby increasing the likelihood that they will be
absorbed by a dye molecule and converted into an electron. Also, once the electron is injected
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into the oxide, recombination with the redox species in the electrolyte must be avoided. The
inherent conductivity of TiO2 films is very low. Increasing the conductivity of the film or
decreasing the distance an electron must travel through the oxide, without sacrificing the amount
of dye that can be adsorbed, should deter recombination and enhance the efficiency of the
device. By introducing nanostructures with a higher degree of order than the fractal-like
nanoparticle film, enhancement of electronic transport characteristics is possible21.
Nanostructures, such as nanorod arrays and nanotube arrays can provide the high surface
area required for maximum dye adsorption and at the same time enhance electron transport
through the oxide. Recently, anodically grown TiO2 nanotube arrays have been studied as
photoanodes in DSSCs with efficiencies around 6.9%22, 23. It has also been reported that Ag and
Au nanoparticles (NPs) enhance dye-sensitized photocurrents due to localized surface plasmon
resonance (LSPR), which leads to more efficient excitation of dyes24. Nanowire arrays have also
been shown to support LSPR25. Metal nanowire arrays are interesting due to the fact that
electrons can be transported with little resistance compared to semiconductor oxides. If metal
nanowire arrays can be used as the anode material, only thin layers of oxide covering the wires
would be required due to the already high surface area of the array. This would minimize the
distance that electrons would have to travel in the oxide layer and decrease recombination.
Scattering and focusing of light from the oriented metal wires should also increase the
photocurrent. Utilizing nanowire arrays in composite materials seems to be the next logical step
in enhancing light harvesting and electron transport in photoanodes used in DSSCs.
Furthermore, this approach can readily be applied to other types of photovoltaics such as thin
film devices (CIGS and CdTE) as well as organic polymer cells26.
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1.4 OPV fundamentals
Over the last decade, researchers have studied polymer-based organic photovoltaic
(OPV) cells as a promising solution for sustainable energy due to their lightweight, flexibility,
simple processability and low cost for fabricating large-area devices. 27-31 OPV cells are based on
conductive organic polymers. These polymers, made up of large conjugated systems, are used to
absorb light and transport charges to produce electricity form sunlight. The pz orbitals of the
polymer’s hydrocarbons delocalize and form a delocalized bonding π orbital with a π*
antibonding orbital. These two orbitals give conductive polymers properties similar to
semiconductors. The delocalized π orbital acts as the highest occupied molecular orbital
(HOMO), and the π* orbital acts as the lowest unoccupied molecular orbital (LUMO). As with
the band gap in semiconductors, when electrons are excited with sufficient energy, they move
from the HOMO energy level to the LUMO energy level. Thus, the energy difference is
considered the band gap of organic electronic materials.32
Depending on how the band gap of the light absorbing conductive polymer is tuned, OPV
cells have the potential to convert different wavelengths of light, such as low-energy, infrared
(IR) or high-energy, ultraviolet (UV) photons into usable electricity. This is useful when trying
to capture light from the solar spectrum. The conductive polymer absorbs photons with energy
greater than its band gap and an excited state is created, this excited state is confined to a
molecule or region of the polymer chain and is known as an exciton. An exciton can be thought
of as an electron-hole pair bound together by electrostatic interactions. Effective fields are used
to break excitons into free electron-hole pairs. This is usually accomplished by setting up a
heterojunction between two dissimilar materials. 33, 34 Over the years, the architecture of OPV
devices have evolved, based on how the effective fields are generated.
6

Single layer organic photovoltaic cells are the earliest and simplest form among various
OPV cells. As the name suggests, these cells are made by sandwiching a single layer of
conductive polymer material between two metallic conductors with differing work functions.
One to draw electrons and the other to draw holes. Typically, a layer of high work function
transparent Indium tin oxide (ITO) is used to draw holes and paired with a layer of low work
function metal as the other electrode such as Al, Mg and Ca, this way an electric field is
generated in the polymer layer. When the polymer layer is excited by photons from light,
excitons are created. Electrons will be excited to LUMO and leave holes in the HOMO. The
energy gradient created by the different work functions of the electrode helps to overcome the
electrostatic forces holding the electron/hole pair together and pulls electrons to the positive
electrode and holes to the negative electrode. The current and voltage resulting from this process
creates usable energy. Since using the different work functions of the electrodes is not the best
way to break up excitons, these devices suffered from low power conversion efficiencies
(<0.1%). 35, 36Therefore, two layers of organic electronic materials were introduced.
Bilayer organic photovoltaic cells contain two different conductive polymer layers in
between the electrodes. If these polymer layers have sufficient difference in electron affinity and
ionization energy, electrostatic forces are generated at the interface between them. When the
differences are large enough, local electric fields are strong and help separate more excitons
compared to single layer photovoltaic cells. Electrons are pulled toward the layer with higher
electron affinity and ionization potential, known as the electron acceptor. Holes are pulled toward
the other layer known as the electron donor. Fullerene-C60 were typically employed as the
electron acceptor and conducting polymers such as Poly[2-methoxy-5-(2-ethylhexyloxy)-1,4phenylenevinylene] (MEH-PPV) were used as the donor. This structure is also called planar

7

donor-acceptor heterojunctions. Cells of this type saw power conversion efficiencies rise to 1%.
The diffusion length of excitons, which is the distance excitons can travel through a medium
before recombining, was the main limitation of these devices. 37, 38 Having a diffusion of only
10nm meant the layers could not be thicker than 10nm, but in order to capture enough light,
100nm layers would be needed. Since the dissociated free charges (electrons and holes) are
generated at the interface between the donor and acceptor phases, further research moved toward
increasing the interfacial area between the two phases, while at the same time keeping the
morphology of the heterojunction in the nanoscale range. With this in mind, polymer blends were
introduced in bulk heterojunction cells.
In Bulk heterojunction photovoltaic cells (BHJ), the electron donor and acceptor are
mixed together, forming a polymer blend. In this work, a blend of P3HT/PCBM (poly(3hexylithiophene): ([6,6] phenyl-C61-butyric acid methyl ester) is used. Spin cast films from such
binary solutions result in solid state mixtures of both polymers. The idea behind mixing the
polymers is to create a larger area of donor–acceptor interfaces (compared to a flat plain in
bilayer devices) and to keep these interfaces within the exciton diffusion length so that each
exciton generated has a higher probability reaching the interface. As long as the phase domains
are within small enough, excitons generated in either material may reach the interface, where
excitons separate efficiently. Electrons move to the LUMO of the acceptor domains and are
carried through the device and collected by the cathode. Holes are pulled into the HOMO of the
donor domains, move the opposite direction, and are collected at the other side.39-41
As with DSSC, even the best BHJ organic solar cells suffer from low efficiency
compared to inorganic devices. Despite intense efforts; the solar cell efficiency of BHJ films is
not still sufficient enough to allow practical use as commercial energy conversion devices. In
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order to understand what improvements are possible, one must analyze the output of these
devices. Since the power generated by a photovoltaic device is a function of voltage and current,
it is useful to look at what factors contribute to these values. Voltage, or potential energy stored
by an OPV corresponds to the difference in the electrochemical potentials between the materials
used.42 Therefore, this value is easily changed by selection or tuning of materials used and has
been optimized.
Improving current capacity, on the other hand, is more promising. The process of
converting light into electric current in an organic photovoltaic cell begins with absorption of a
photon leading to the formation an electron-hole pair (exciton). The exciton diffuses from the site
of absorption to an interface, where charge separation occurs. At that point the charge is
transported to its corresponding electrode through a matrix of donor/acceptor domains. Thus, the
electric current that an OPV solar cell delivers corresponds to the number of created charges that
are successfully collected at the electrodes. This number is a function of (i) how many of photons
get absorbed and create excitons, (ii) the amount of excitons that are dissociated into electronhole pairs, and finally (iii) the fraction of (separated) charges that reach the electrodes without
being recombined. The first factor of current capacity, (i) the fraction of photons absorbed by an
OPV device, can depend on the materials used since each material has a different absorption
spectrum and absorption coefficient, but it also depends on architecture. For instance, the
absorbing layer thickness can allow for more photons to be absorbed and internal reflections, by
metallic electrodes, can increase the distance photons travel through the absorbing layer, making
absorption more probable even at wavelengths with weak absorption. The second factor, (ii) the
fraction of dissociated electron-hole pairs is determined by whether the excitons diffuse into a
region where charge separation occurs and this depends mainly on the domains within the BHJ
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matrix. 43 The size of these interconnected domains in the BHJ films do effect the interfacial
areas between the donor and acceptor, where dissociation of excitons takes place, but these
polymer blends have been optimized through the years.44 The third factor effecting current
capacity, (iii) the fraction of (separated) charges that reach the electrodes without being
recombined, can also be enhanced by architecture of the device. Since each charge has a limited
range it can travel through the matrix, the thinner the BHJ layer, the more likely charges will be
collected at the electrodes. Despite intense efforts in this field thus far; the solar cell efficiency of
BHJ films is not still enough to allow practical use as energy conversion devices. Among the
various methods for enhancing the power conversion efficiency of organic photovoltaic cells,
incorporating nanostructures within the photoactive layer has attracted considerable attention
recently.45, 46 Nanostructures such as gold nanowire arrays can improve the absorption of
incident light by increasing the optical path length within the films and decrease the length
exciton need to diffuse while allowing for a thicker active layer. Simple and cost-effective
synthesis techniques must be developed to utilize nanostructures within OPV active layers for
them to compete with first and second generation solar cells.

10
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Chapter 2 Characterizing different properties of DSSCs
2.1 Introduction
While characterization techniques such as SEM, TEM and XRD are indispensable
techniques for materials research, the goal of the research presented in this paper is to increase
the efficiency of DSSC using nanostructured anodes. The first step in achieving this goal is to
ensure accurate measurement of device performance. Since the devices in question are relatively
unstable at this point (efficiency can drop after 24 hours), on-site measurement is a requirement
to ensure trustworthy data for comparison. The techniques listed below, have been adapted in
order to characterize the overall efficiency, the spectral response, the impedance, and the charge
transport kinetics of the devices.

2.1.1 J-V Curves
Current-Voltage or J-V curves allow for the determination of overall efficiency of a
photovoltaic device. The cell is exposed to 1 SUN (AM 1.5 G, 100mW/cm2), a standard of
simulated sunlight where the spectra and intensity matches the average sunlight striking the
earth. The efficiency of the cell is determined by comparing the power output of the cell to the
power of incident light on the cell. To extract power from the cell, a load is placed on the circuit
in the form of bias voltage and the current response is measured. To simulate solar light, a 150
Watt xenon lamp (Newport 96000) was fitted with an Air Mass Filter (Newport 81094) in order
to correct the output to better match the solar spectrum. Error associated with spectral mismatch
can be great depending on the spectral response of the cell but can be reduced by calibrating the
intensity with a filtered photodetector. By narrowing the range of wavelengths, a calibrated
photodetector senses and matching that range with the spectral response of the test cell, spectral
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errors can be minimized. A Hamamatsu S1787-04 photodiode was chosen as the calibration cell
due to its built-in KG3 filter which narrows its detection range to 300-800nm matching the
spectral response of the DSC’s to be studied. The calibration cell was sent to NREL (National
Renewable Energy Laboratory) to determine its CN (Calibration Number). The current-voltage
curves were obtained by measuring the photocurrent of the cells using a Keithley model 2400
digital source meter under an applied external potential scan.

2.1.2 IPCE
IPCE, or Incident Photon to Current Efficiency, measures the spectral response of the
cell. In short, it is the ratio of incident photons that are successfully converted to electrons for use
in electrical current as a function of excitation wavelength2-4 . It supplies qualitative and
quantitative information about what wavelengths of light the cell converts to photocurrent, hence
it is a necessary technique to evaluate wavelength dependent increases in photocurrent.
Typically, a computer-controlled instrument specially designed for IPCE measurements consists
of a light source, a monochromator, a chopper or shutter, and a photodetector for calibration. The
calibration procedure starts by determining the intensity of monochromatic light at
predetermined wavelength intervals (usually through the visible spectrum). By knowing the
responsivity data of the detector, the current signal provides the spectrum of the lamp and
throughput of the monochromator in W/cm2. When the sample cell is tested, the exposed area of
the detector and the position relative to the output from the monochromator is matched. A bias
light is placed on the cell to simulate working conditions and introduce a quasi- Fermi level into
the semiconductor. The monochromatic light is chopped and the difference in the stabilized
photocurrents is used to calculate IPCE from:
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𝑰𝒔𝒄
𝑰𝑷𝑪𝑬 (𝝀) = 𝟏𝟐𝟒𝟎 ( )
𝝀𝝓
Where 𝜆 is the wavelength, Isc is the current at short circuit (mA/cm2), and ø is the incident
radiative flux (W/m2).
To take advantage of a similar instrument, a spectrofluorometer (Quantum Master, PTI )
was converted in order to obtain the IPCE data presented in this paper. The instrument provided
a computer-controlled monochromator and data acquisition system which could automate the
measurement after a few adjustments. The system was not equipped with a shutter for the
monochromatic light, so one was fabricated that made use of the built in four position sample
holder. This provided four data points per wavelength, two with only bias light and two with bias
light plus monochromatic light. The difference between the points can be averaged to reduce
noise. The photon flux of the light incident on the samples was calibrated using a UV enhanced
silicon photodiode (Newport, 818-UV-L). The equipped data acquisition system used voltage
signals; therefore, the current signals from the detector and test cell had to be converted through
a current sensitive preamplifier (Princeton Applied Research, Model 181).
The exposed area (0.124 cm2) and position of the detector and test cell were held constant
through the use of a stationary mask. During the IPCE measurements, a tungsten bulb (Ushio,
82V360W) driven by a variable autotransformer (Staco Energy Products) was used as the bias
light to generate a constant background photocurrent in the cell.

2.1.3 EIS
J-V curves give information on overall efficiency of a DSSC and can give an idea of the
overall resistance a given device exhibits, but no information as to the individual resistances of
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separate components which make up the cell. EIS, or electrochemical impedance spectroscopy,
is a technique that can be used to separate the interfacial capacitance and charge-transfer
resistance that are present in DSSCs. Time constants can also be measured in order to determine
the electron transport through the semiconductor5-7. During an impedance measurement, the
system is kept at a fixed steady state by imposing a DC current or illumination intensity. By
applying an AC potential and measuring the AC current through the cell, the complex impedance
(impedance as well as phase shift) can be measured at a particular frequency. Spectral data is
obtained by augmenting through a broad range of frequencies, typically over several decades,
i.e., from mHz to 10MHz, with 5-10 measurements per decade. Through the use of model
equivalent circuits, impedance parameters can be assigned for elements internal to the cell. In
addition to scanning frequencies, it is usually important to determine the EIS parameters at
various conditions of steady state (different bias voltages or illumination intensities). This is the
key approach in order to relate the measurement to a given model. All EIS experiments presented
in this paper were done using a Gamry Reference 600 potentiostat equipped with a frequency
response analyzer. The AC potential applied was 10mV. Frequency range was set from 100kHz50mHz. An example of an EIS spectrum is displayed in Figure 2.1a and the equivalent circuit
used to fit the data is represented in Figure 2.1b.
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Figure 2.1. a. (top) EIS spectra of DSSC J1 with .65V bias voltage. b. (bottom) Equivalent circuit used to fit
data.
Mesured Parameters

Derived Values

Recombination Resistance, Rct

Mean Electron Lifetime

τn = 1/2π fmax

Capacitance, C

Mean Electron Transit time

τd= (rt/rct)L2 τn

Transport Resistance, Rt

Diffusion Coefficient

Dn=L2/ τd

Diffusion Length

Ln=√Dnτn

Table 1. Measured and derived parameters of EIS
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2.2 Experimental
The most efficient DSSCs reported to date have been based on TiO2 mesoporous films.
Models have been devised that explain the behavior of these cells and fabrication techniques
have been published8 .Studies performed on mesoporous DSSCs can verify characterization
techniques are accurate and the knowledge gained by fabricating and studying these type of cells
can be applied to cells based on novel nanostuctured anodes, where new models may have to be
developed. Two types of nanoparticles (NPs) where employed in these studies, commercially
available anatase powder (Aldrich) and synthesized particles.

2.2.1 Fabrication of TiO2 nanoparticles
A two-step autoclaving technique was applied to obtain the high-purity Anatase TiO2
NPs. A commercially available TiO2 powder (P25, Degussa) was hydrothermally treated with
10N NaOH in an autoclave at 130 ̊C for 20h, followed by repeated washing with 0.1N HNO3 to
reach a pH value of 1.5 as described in the literature. Pure Anatase colloidal TiO2 NPs were
obtained by autoclaving the low pH titanate suspension at 240 ̊C for 24h. A TEM image and
XRD data is displayed in Figure 2.2, which shoes the particles and an average size of 20nm.
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Figure 2.2 a. (left) TEM image of TiO2 NPs. b. XRD scan of anatase TiO2 NPs.

2.2.2 Mesoporous photoelectrode preparation
Two pastes were made from the TiO2 NPs. One paste consisted of the commercially
available powder and the other consisted of the synthesized NPs. 0.5 g of NPs were stirred in a
mixture of 100uL Triton X-100 and 0.2g of polyethylene glycol (PEG, Fluka, Mw=20000) in
3mL of aqueous acetic acid (0.1M). The paste was spread on SnO2/F (FTO)-coated glass
substrate (Pilkington,TEC 8) by a doctor blade technique. Thickness was controlled by an
adhesive tape spacer. The thickness of the film was determined by a surface profilometer
(Dektek 11A). The TiO2 coated electrode was annealed at 450˚C for 30min in order to remove
the polymer and sinter the particles.
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2.2.3 DSSC Fabrication
Photoanodes were sensitized by immersing in 0.3mM dye solution (N3 or N719,
Solaronix) overnight. Two electrolytes were prepared. Electrolyte 1 consisted of 0.6M 1-methyl3-propylimidazolum iodide, 0.05M iodide, 0.05M LiI, 0.5M tetra-butylpyridine in acetonitrile.
Electrolyte 2 consisted of 0.6M butylmethylimidazolium iodide, 0.03M Iodide, 0.10M
guanidinium thiocyanate and 0.5M 4-tert-butylpyridine in a mixture of acetonitile and
valeronitrile (volume ratio:85:15). The counter electrode was produced by coating FTO glass
with a thin layer of Platisol (Solaronix) and heated to 400˚C for 30 min. The two electrodes were
sealed together with thermal melt polymer film (Surlyn). Electrolyte was introduced into the cell
gap through holes drilled into the counterelectrode.

2.3 Results and discussion
2.3.1 Commercial NPs vs. as synthesized NPs
TiO2 has a band gap of 3.2 eV, therefore a mesoporous film of TiO2 NPs (<50nm)
should be transparent to visible light. This is ideal when light is introduced through the
photoanode and must be able to transmit through multiple NPs before it encounters a dye
molecule to be absorbed.9, 10 Commercially available Anatase TiO2 NPs (<25nm) come in
powder form and thus the NPs are aggregated together into larger clusters (100-400nm). As with
larger NPs, these larger clusters scatter visible light making it hard for light to penetrate through
the mesoporous film. The larger clusters also decrease dye loading due to a decreased surface
area compared to films based on dispersed NPs. The effect is decreased short-circuit current.
Integrated IPCE spectra can be directly correlated to short-circuit current. Figure 2.3 compares
cells based on commercial NPs (opaque) and synthesized NPs (transparent), both cells have a
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film thickness of 15um, are sensitized by N3 dye, and used electrolyte 1, yet the cell based on
commercial NP’s has an efficiency of 2.79% (D12) and the cell based on as synthesized NPs has
an efficiency of 3.47% (H7). The increase in efficiency comes directly from an increase in short
circuit current (Figure 2.3a). The IPCE spectra (Figure 2.3b) show that this increase in
photocurrent is rather uniform over the visible spectrum.
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Figure 2.3. a. J-V curve comparing DSSCs made from commercial TiO2 and synthesized TiO2. b. IPCE
spectra comparing the same cells.

2.3.2 NP Scattering effect
One issue with using a transparent mesoporous film, such as cell 7h in the previous
study, is that much of the photons are transmitted through the oxide layer and not converted into
current. By increasing the thickness of the film, more photons can be captured due to increased
dye loading, but the film thickness can only be increased so much before recombination of the
electrons injected into the film with the electrolyte becomes the limiting factor and short circuit
current no longer increases 11. The scattering effect of the commercially available NPs can be
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taken advantage of when applied on top of a transparent mesoporous film (synthesized NPs).
This scattering layer allows for enhanced photocurrent without having to increase the thickness
of the films. Figure 2.4 compares cells of the same thickness (20um). One cell, J6, had no
scattering layer and J5 had a 5μm scattering layer. Both cells were sensitized by N719 dye and
used electrolyte 2, yet J6 was 3.5% efficient and J5 was 4.5% efficient. The J-V curve in Figure
2.4a confirms that this increase in efficiency is mainly from an increase in short-circuit current.
Both cells have a higher open-circuit voltage compared to cells from the previous study (2.3.1)
due to the different electrolyte used. The IPCE spectra in Figure 2.4b show that the increase in
photocurrent is due to a broad range of visible light, but mostly from the longer wavelength
region where the dye absorbs weakly. The increased path length of the photons allows for low
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Figure 2.4. a. J-V curve comparing DSSCs with and without a scattering layer. b. IPCE spectra comparing
DSSCs with and without a scattering layer.
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2.3.3 Electrolyte Effect on Open-Circuit Voltage
Different concentrations of iodide and additives in the electrolyte are known to affect the
overall efficiency of DSSCs by a change in open-circuit voltage 12. Both of the cells in this study
have 20μm thick mesoporous films and are sensitized by the same dye, however, the electrolyte
is different. Electrolyte 1 is used in cell I13, which has an efficiency of 4.17%, and electrolyte 2
is used in cell J5, which has an efficiency of 4.53%. Figure 2.5a shows that the increase in
efficiency comes mainly from an increase in open-circuit voltage. In this case, the EIS data can
help determine how a change in electrolyte can increases the photovoltage. The recombination
resistance in figure 2.5b, which is plotted as a function of bias voltage, shows that the lower
concentration of iodide in electrolyte 2 deters recombination, therefore increasing the
recombination resistance and allowing for a higher Fermi level in the oxide. The capacitance
values (figure 2.5c) describe the exponential trap distribution below the conduction band edge
and therefore can be used to determine the shift of the conduction band when comparing the two
cells 8. Since the capacitance of J5 is higher at each bias voltage, a higher conduction band is
inferred. This can be explained by taking into account that when electrons accumulate in the
conduction band of the TiO2, cations in the electrolyte become absorbed or intercalated in the
TiO2 film13. This causes the flat-band potential of TiO2 to move in a positive direction. The
smaller size cations (Li+ in electrolyte 1) are easier to adsorb onto the TiO2 surface and results is
a large potential drop14. This decreases the energy gap between the redox potential of the
electrolyte and the Fermi level of the oxide and therefore causes a lower open-circuit voltage15.
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2.3.4 Transport Resistance through TiO2 mesoporous films.
One last study on mesoporous films demonstrates how EIS can be used to measure
transport resistance through the oxide film. Both of the cells in this study consist of mesoporous
films with a transparent layer (synthesized particles) and a scattering layer (commercial particles)
and use the same electrolyte (electrolyte 2). The film thickness is the different. J5 has a film
thickness of 20um and has an efficiency of 4.53% and J1 has a film thickness of 12um and has
an efficiency of 5.82%. Figure 2.6a shows that the increased efficiency is due to an increase in
short-circuit current. The EIS data reveals that the recombination resistance and capacitance
values are almost identical, but when transport resistance is compared (Figure 2.6d); J5 is shown
to have greater transport resistance. This makes sense because the thicker the film, the more
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resistance electrons will encounter while transporting through the oxide. The thicker films
capture more photons, but the electrons are not collected at the TCO due to the higher transport
resistance.
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Figure 2.6. a. J-V comparing DSSC with different film thickness. b. Recombination Resistance vs. bias
voltage. c. Capacitance vs. bias voltage. d. Transport resistance vs. bias voltage.

2.4 Conclusion
IPCE and EIS were utilized in order to study different properties on DSSC based on
nanoparticle films. Much more information can be obtained about device performance and the
inner workings of the cell when these techniques are employed. IPCE can be used to derive more
information about the current a DSSC produces, weather an increase in current is due to dye26

0.7

loading/increased surface area or weather the pathlength has been increased due to light
scattering. EIS can be used to gather more information about the different resistance elements of
the cell, trap states associated with the TiO2 film, and electron lifetime. These techniques will be
necessary when characterizing different properties produced by making nanostructured
electrodes.
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Chapter 3 Nanostructures incorporated into DSSCs
3.1 Introduction
Vertically alingned nanotubes1-3 and nanowires4 arrays have been studied in an attempt to
improve original DSSC design based on nanoparticles.These structures should provide the
electrons a direct path to the anode, but device performance is still relatively low 1-5%.
Explinations as to why device performance is low include insufficent surface area for dye
absorption compared to nanoparticle film, 1, 5 large series resistance between the nanostructures
and the electrode, 6 and air trapped inside the nanotubes. 7
A novel method was implemented by this group to overcome device performance issues
of these nanostructure anodes. 8 Nanotube arrays were sythesised by a sol-gel method and gold
nanowires were electrochemically grown within the the tubes. These photoanodes based on
Au/TiO2 core/shell photoanodes were shown to improve DSSC efficiency compared to nanotube
arrays without the gold core. It is speculated that the gold wires not only enhance light harvesting
by scattering or plasmon effect, electron transport should also be enhanced due to the increased
conductivity of gold verses TiO2. One goal of the current study is to provide support for these
assumptions through IPCE and EIS analysis. Another goal is to fabricate Au/TiO2 core/shell
photoanodes through other methods in order to protect the gold wires within.
One drawback of gold modified DSSC is the fact that they suffer from a loss of efficiency
over time. This is thought to be caused by dissolving of the gold by the I- /I3 electrolyte and
forming AuI2 - as can be seen in the following equation:9, 10
2𝐴𝑢 + 𝐼3 − + 𝐼 − ↔ 2𝐴𝑢𝐼2 −
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It is hoped that covering the gold nanowires more efficiently with the TiO2 semiconductor layer,
will cut down on the dissolving of gold by the electrolyte. Also, the gold in direct contact with
the electrolyte increases the probability of recombination of the injected electrons with the
electrolyte, essentially creating a short circuit. Therefore, it is important to have a sufficient layer
of TiO2 between the gold on the electrolyte. Several methods were studied, including covering
gold nanowire arrays with mesoporous TiO2 film, TiO2 sputtered unto gold nanowire arrays, and
TiO2 deposited on gold nanowire arrays by pulse laser deposition, PLD. Recombination
resistance can be directly measured through EIS. This measurement along with overall device
performance can help determine which deposition method is suitable to use on prefabricated Au
NW arrays and incorporated into DSSC.

3.2 Experimental
3.2.1 TiO2 nanotube synthesis by sol-gel
A sol-gel technique has been used to make TiO2 nanotube arrays. An anodized
aluminum oxide (AAO) template (pore diameter 200nm) was exposed on one side to a solution
consisting of titanium isopropoxide: ethanol (3:1w). The amount of solution and time exposed
could be varied in order to control length of tubes and thickness of tube walls. For this
experiment the membrane was immersed in the precursor for 20 min. After exposure, the
template was left to dry overnight, which allowed for the solution to infiltrate the inner walls of
the pores of AAO by capillary action, followed by evaporation of the ethanol and hydrolysis of
the isopropoxide upon mixing with water from ambient air. The sample was then annealed at
450˚C for 30 min. The template was removed by etching with 3M NaOH.
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3.2.2 Growth of Au nanowire arrays through electrodeposition
Gold nanowire arrays were grown by an electrodeposition technique. An AAO template
(pore size 200nm) was sputtered with a 20nm thick layer of silver on one side. The sputtered side
of the template was adhered to a strip of copper tape which was used as the anode. A nonconductive tape was used to mask a certain area of the template to be exposed to the Au plating
solution (Technics Inc). A potentiostat (PAR Model 263A) was used to perform
chronopotentiometry at a constant current of 0.9mA. A platinum wire was used as the counter
electrode with a Ag/AgCl reference electrode.

3.2.3 Au/TiO2 Core/ Shell nanowire arrays
One of the principle structures investigated by this group is the Au/TiO2 core/ shell
nanowire array photoanode. These arrays are synthesized through a combination of the two
techniques described above. First, nanotubes were formed in an AAO template, the template
was then silver sputtered on one side to form the anode for electrodeposition. Gold wires were
then grown by electrodeposition as described above.

3.2.4 Mesoporous TiO2 on Au NWs
Gold nanowire arrays were grown by an electrodeposition technique described above.
The freely suspended nanostructure arrays were then transferred and adhered onto a pre-cleaned
FTO slide followed by annealing in air at 450оC for 30 minutes. A twostep autoclaving technique
was applied to obtain the high-purity Anatase TiO2 NPs. A commercially available TiO2 powder
(P25, Degussa) was hydrothermally treated with 10N NaOH in an autoclave at 130 ̊C for 20h,
followed by repeated washing with 0.1N HNO3 to reach a pH value of 1.5 as described in the
literature. Pure Anatase colloidal TiO2 NPs were obtained by autoclaving the low pH titanate
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suspension at 240 ̊C for 24h. 0.5 g of NPs were stirred in a mixture of 100uL Triton X-100 and
0.2g of polyethylene glycol (PEG, Fluka, Mw=20000) in 3mL of aqueous acetic acid (0.1M).
The paste was spread on SnO2/F (FTO)-coated glass substrate (Pilkington,TEC 8) by a doctor
blade technique. Thickness was controlled by an adhesive tape spacer.

3.2.5 TiO2 Sputtered on Au NW
Gold NW arrays were fabricated using technique described above. A 30nm TiO2 film was
deposited on the gold NW arrays by the reactive radio frequency (RF) magnetron sputtering
method. RF magnetron sputtering allows for the deposition of dielectric materials such as SiO2,
TiO2, ZnO and Al2O3. An energetic wave us run through an inert gas in a vacuum chamber which
becomes ionized. The target is bombarded by these high energy ions. Magnets are used behind
the cathode to trap electrons over the negatively charged target. Positive ions are produced which
accumulate on the surface and produce a charge build up. By alternating the electrical potential,
the charge build up is cleared. On the positive cycle electrons are attracted to the target material
or cathode giving it a negative bias. On the negative portion of the cycle, which is occurring at
the radio frequency of 13.56 MHz, ion bombardment of the target to be sputtered continues.
The plasma was excited by a RF power supply in an APX Scientific Microlayer 400
sputtering system. The target was a pure titanium (grade 2), 7.5 cm in diameter and 6mm
thickness. The substrates were placed at a distance of 10cm from the target and the chamber was
pumped down to 1.7×10-5 mbar. The substrates were etched in argon at a pressure of 4×10-2
mbar at 600 V bias voltage, 150 mA current, 200 W power, and 20 sccm argon flow rate. The
films were deposited at a base pressure of about 2.7×10-3 mbar, in a mixed pure argon-oxygen
atmosphere; the applied power was in the range 300-600 W and the sputtering time was 20 min.
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3.2.6 TiO2 Deposited by PLD on Au NW
Gold NW arrays were fabricated using technique described above. The TiO2 shell was
deposited by pulsed laser deposition (PLD). PLD uses laser pulses to ablate a target to produce
the depositing flux. The flux is subsequently deposited on the substrate to create the desired
crystals. The depositing species arrive in short bursts in the order of 10-100 µs. The substrate in
this case was the Au nanowire arrays and the target was a TiO2 anatase pellet. A 12 mm diameter
TiO2 pellet was prepared by pressing anatase TiO2 nanopowder of 30- 40 nm in diameter
(Aldrich) with a Carver manual pellet press. The pressed pellet was then sintered at 500 oC for 12
hours. A neodymium-doped yttrium aluminum garnet (Nd:YAG) laser was used to ablate the
TiO2 disc target. The laser wavelength was set at 266 nm. The energy density and deposition
time and repetition were, 650 mJ/cm2 and ~30 min and 5 Hz, respectively. The distance from the
target to the substrate was 3 cm. The pressure in the system was pumped to ~10-3 torr and the
temperature was kept at 500 oC in order to preserve the anatase phase and stoichiometry of TiO2.

3.2.7 DSSC Fabrication
For the photoanode, the above nanostructures were pasted onto a fluorine doped tin oxide
(FTO) glass substrate obtained from Solaronix (TCO10-10, sheet resistance 10 Ω sq-1 ) by means
of conducting Ag paint (Ted Pella). Photoanodes were sensitized by immersing in 0.3mM dye
solution (N3 or N719, Solaronix) overnight. The electrolyte consisted of 0.6M 1-methyl-3propylimidazolum iodide, 0.05M iodide, 0.05M LiI, 0.5M tetra-butylpyridine in acetonitrile. The
counter electrode was produced by coating FTO glass with a thin layer of Platisol (Solaronix)
and heated to 400˚C for 30 min. The two electrodes were sealed together with thermal melt
33

polymer film (Surlyn). Electrolyte was introduced into the cell gap through holes drilled into the
counterelectrode.

3.3 Characterization
3.3.1. Structural characterization
After synthesis, the desired Au- TiO2 core-shell nanoarchitectures were characterized
using different probe techniques such as field emission scanning electron microscopy (FESEM),
energy dispersive spectroscopy (EDS) and transmission electron microscopy (TEM).

3.3.3. Device characterization
The current-voltage curves were obtained by measuring the photocurrent of the cells
using a Keithley model 2400 digital source meter under an applied external potential scan. To
simulate solar light, a 150 Watt xenon lamp (Newport 96000) was fitted with an Air Mass Filter
(Newport 81094). The light intensity of the xenon light source was calibrated by using an NREL
calibrated silicon photodiode (Hamamatsu S1787-08 for visible to IR range).
A spectrofluorometer (Quantum Master, PTI ) was used to obtain the IPCE data. The
photon flux of the light incident on the samples was calibrated using a UV enhanced silicon
photodiode (Newport, 818-UV-L). The equipped data acquisition system used voltage signals;
therefore, the current signals from the detector and test cell had to be converted through a current
sensitive preamplifier (Princeton Applied Research, Model 181). The exposed area (0.124 cm2)
and position of the detector and test cell were held constant through the use of a stationary mask.
During the IPCE measurements, a tungsten bulb (Ushio, 82V360W) driven by a variable
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autotransformer (Staco Energy Products) was used as the bias light to generate a constant
background photocurrent in the cell.
EIS experiments presented in this paper were done using a Gamry Reference 600
potentiostat equipped with a frequency response analyzer. The AC potential applied was 10mV.
Frequency range was set from 100kHz-50mHz.

3.4 Results and discussion
3.4.1 TiO2 nanotube synthesis by sol-gel
The FESEM images of synthesized nanotubes are given in Figure 3.1 below, which
shows that the synthesized structures were clearly composed of l aligned TiO2 nanotube arrays.
The TiO2 nanotubes had an average length of 4µm with a ≈300 nm outer diameter.

3.4.2 Au nanowire arrays grown through electrodeposition
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Figure 3.2 shows an FESEM image of the as synthesized wires. The length of the wires
could be controlled by the electrodeposition time. By knowing the area of template exposed, a
plot of deposition time verses wire length could be made in order to grow wires of the desired
length (Figure 3.2b). The nanowires tend to bundle together due to the surface tension induced
by solvent evaporation after the removal of the AAO template, therefore samples were freeze
dried to overcome the surface tension. Figure 3.2d, shows well aligned NW without the bundles
compared to Figure 3.2c were freeze drying was not employed.

3.4.3 Au/TiO2 Core/ Shell nanowire arrays
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Figure 3.3 shows the Au/TiO2 core/ shell nanowire array (a) as well as a high
magnification TEM image of a single core/shell NW. The Au filled TiO2 nanotubes were about
200 nm in diameter. The dark portion inside the shell corresponds to gold, and the gray,
polycrystalline regions are the TiO2 shell. It can be clearly seen that the hollow channel of the
TiO2 nanotube was entirely filled with gold up to near the tip of the tube. Notice the exposed
gold, not covered by the TiO2. The concern is that gold exposed to electrolyte will act as a short
circuit.

3.4.4 Mesoporous TiO2 on Au NWs
FESEM and TEM images of Gold NWs covered with TiO2 mesoporous film are shown
in Figure 3.4. This method appears to have good coverage by the film. From the TEM image
(Figure 3.4c) the film is 100-150nm thick. This structure takes advantage of both the high surface
area of the mesoporous film and the fast electron transport of the Gold NWs.
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3.4.5 TiO2 Sputtered on Au NW
Figure 3.5 shows SEM and TEM images of the gold NWs covered with TiO2 by RF
magnetron sputtering. This method appears to have excellent coverage of the wire by TiO2.
Figure 3.5a and 3.5b display EDS scans from the top of the NWs and the bottom of the wires
respectively. Both areas appear to be covered with the TiO2 layer. From the TEM image (Figure
3.5d) the thickness of the film appears to be 40nm. The TEM image also indicates that the film is
very uniform with no sign of particles or clumps.
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3.4.6 TiO2 Deposited by PLD on Au NW
Figure 3.6 shows SEM and TEM images of the gold NWs covered with TiO2 by Pulse
Laser Deposition. Coverage seems to be good by the TiO2 as can been seen in Figure 3.6a. The
TEM image (Figure 3.6c) indicates that the TiO2 layer is 75-100nm thick on the sides of the
wires. Compared to the sputtered TiO2, Figure 3.5d, the PLD coated surface is very rough. EDS
analysis confirmed the presence of both gold and TiO2.
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3.4.7 TiO2 Nanotubes vs. Au/TiO2 Core/Shell NW Photoanodes in DSSC

Photoanodes based on Au/TiO2 core/shell photoanodes were shown to improve DSSC
efficiency compared to nanotube arrays without the gold core 8. To get a better understanding of
why this is so, IPCE and EIS studies were performed on DSSC fabricated with sol-gel nanotube
arrays and the Au/TiO2 core/shell structures. Table 3.1 compares the J-V characteristics of two
cells, one based on a TiO2 nanotube array anode (D27) and the other based on an array of
Au/TiO2 core/shell nanowires (D22). For a fair comparison, both anodes consisted of structures
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that were 7μm long. The TiO2 nanotube-based device showed and efficiency of 0.41% and a
short circuit current of 1.45mA/cm2, whereas the Au-TiO2 core-shell nanowire based DSSC
device showed an efficiency of 1.02 % with a short-circuit current of 2.76 mA/cm2.
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To further investigate the reasons for higher photocurrent for the solar cells based on AuTiO2 core-shell nanowires, IPCE was measured and the data is displayed in Figure 3.7. Au-TiO2
core-shell nanowire based device exhibited a peak of about 35% IPCE at 530 nm as well as a
small shoulder at 400 nm. These peaks are in close agreement with the absorption spectrum for
the N3 dye, which has local maxima at 400 and 533 nm, both corresponding to a metal-to-ligand
charge transfer transitions. The IPCE for the AuTiO2 core-shell nanowire based device exhibited
a peak of about 24% at 520 nm as well as small shoulder at 400 nm. Notably, the IPCE profile of
the Au-TiO2 core-shell nanowire based device was broadened and red shifted with respect to the
nanotube based cell. There are three situations to consider when studying changes in IPCE. 1)
Enhanced electron transport through the oxide decreases the number of electrons lost to
recombination and therefore any change in IPCE due to enhanced electron transport should have
the same relative enhancement regardless of wavelength. In this case, when the difference in
IPCE is plotted verses wavelength (Figure 3.7b), the spectra should have the same shape as the
original IPCE spectra, but the curves did not have a flat profile, indicating that there were
wavelength dependent shifts in the IPCE spectrum after incorporation of gold in the TiO2
nanotubes.11, 12 2) Scattering of light within the photoanode by gold wires is a wavelength
dependent effect because gold nanowires reflect certain wavelengths of light more than others.
This causes a drop in IPCE difference in wavelengths of light that gold does not reflect. 3) The
plasmonic effect is wavelength dependent (surface plasmons are caused by oscillations within
certain wavelength regions); therefore, certain wavelength regions would show an increase in
IPCE enhancement compared to others13-16. Scattering and plasmonic effects should both result
in changes in the IPCE curve that are wavelength dependent. It is proposed that these effects on
IPCE can be studied by comparing the normalized original IPCE spectra with the normalized
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IPCE difference. Figure 3.7c compares the normalized IPCE of the nanotube device to the
normalized IPCE difference spectra. If scattering of photons was the only reason for IPCE
enhancement, these two graphs should be near identical, except in lower wavelength regions
where gold does not reflect. The difference in the two curves above 400nm can be analyzed to
see which wavelength dependent effect is causing IPCE enhancement. The region where IPCE
difference closely follows the normalized IPCE data (400-550nm) is likely due to scattering by
gold in this region. The regions were the IPCE difference is increased (550-700nm) is due to the
plasmonic effect of the gold wires. This makes senses do to eh fact that the localized surface
plasmon resonance (LSPR) of gold nanowire arrays is predicted to peak around 685 nm17.
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The EIS data above compares the three anode materials discussed thus far, Au/TiO2
core/shell nanowires, TiO2 nanotubes, and mesoporous TiO2 films. The electrolyte and dye are
all the same. The recombination resistance (Figure 3.8a) reveals that NPs and nanotubes have
similar recombination resistances, but the core/shell structures have a higher recombination
resistance. By incorporating gold wires into the tubes, it was thought that recombination
resistance would diminish due to a greater chance of the gold being exposed to the electrolyte
and allowing recombination instead of transporting electrons to the TCO. This verifies that either
the gold is sufficiently covered by the TiO2 or the kinetics of recombination from the conduction
band of gold wires to the electrolyte is slow compared to transport to the TCO18, 19. The
capacitance values (Figure 3.8b) of the core/shell structures and the nanotube structures are
lower than the mesoporous film; this can be interpreted one of two ways. Either the conduction
band of the core/shell and nanotube structures is higher than the mesoporous films or there are
less trap states in the band gap of the TiO2 in these ordered structures than there are in the
disordered mesoporous network. Figure 3.8c displays the electron lifetime values derived from
the EIS spectra. The electron lifetime is defined as the amount of time an electron will stay in the
oxide before it recombines with the redox species in the electrolyte20, 21. The longer the electron
is able to stay in the oxide, the better chance it has of being transported to the TCO and being
converted into current. The lifetime data reveals that electrons last longer in the core/shell anode
compared to both the nanotubes and the mesoporous films. Usually this is due to surface
passivation by the electrolyte that deters recombination or an increased number of trap states in
the oxide which trap the electron locally and deter recombination22, but neither case should apply
to this system. The electrolyte is the same in all cells and any passivation should be held
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constant. In the case of trap states, the capacitance data shows that the core/shell anode does have
slightly more trap sites that the nanotubes, but it has significantly less than the mesoporous film.
One explanation for the extended electron lifetime in the core/shell structures is the high work
function gold. The gold wires may be drawing electrons from the oxide and acting as large trap
states. If this trend is repeated in further studies, it will help support the premise that electrons
are effectively transported through the gold wires during cell operation.

3.4.8 Investigation of other Au/TiO2 structures incorporated in DSSC
Depositing TiO2 onto prefabricated gold NW arrays is an alternative technique achieve
Au/TiO2 core/shell nanowire arrays. The idea is to efficiently cover the gold with the
semiconductor layer in order to decrease to amount of gold that is exposed to the electrolyte.
Three methods were studied, mesoporous TiO2 films deposited by a doctor blade technique onto
Au NWs (M cell), TiO2 films Sputtered on Au NWs (S cell), and TiO2 Deposited by PLD on Au
NW (P cell). The J-V characteristics of the 3 cells are displayed in Table 3.2 below. Cells based
on mesoporous films deposited onto Au NWs had the highest efficiency followed by the PLD
deposited cells and sputtered cells. The parameter that contributes the most to the efficiency
trend is open-circuit voltage.
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EIS data was obtained and the recombination resistance is displayed in Figure 3.9. The
mesoporous film that covered the Au NWs created at higher recombination resistance and
therefore electrons were less likely to recombine. This increased the fermi level of the oxide and
in turn increased the open circuit voltage compared to the other devices. Since all the devices in
this experiment contained gold, this effect can be contributed to the deposition technique that
was used. The rougher mesoporous film, which consists of individual nanoparticles, provide
more trap states and hold on to electrons longer compared to smoother almost crystalline films
deposited by sputtering or PLD. Figure 3.10 illustrates how the different deposition techniques
effect the recombination resistance.
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3.5 Conclusion
Several Au/TiO2 core/shell nanostructures were investigated using IPCE and EIS. When
DSSC based TiO2 nanotube arrays were compared to cells based on Au/TiO2 core/shell NWs, the
Au/TiO2 core/shell anodes were found to be more efficient. This was mainly due to an increase in
short circuit current. IPCE helped prove that the increase in short circuit current was due to a
combination of increased light scattering by the gold NWs and localized surface plasmon
resonance of the gold NWs. The slight increase in open circuit voltage when the gold was
present was due to the extended electron lifetime measured by EIS. Recombination resistance
was also increased when gold was present.
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In an effort impede gold being dissolved by the electrolyte and to cut down on short
circuits caused by gold exposed to the electrolyte, different techniques to deposited TiO2 unto
prefabricated Au NWs were studied. When comparing J-V characteristics and recombination
resistance, doctor blading mesoporous TiO2 film onto Au NW seemed to be the most promising
technique. Where sputtering and PLD deposition seemed to provide excellent coverage of the
gold, these techniques did not prohibit electron recombination as well as the mesoporous film.
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Chapter 4 Au Nanowires Incorporated into Inverted Organic Photovoltaic
Cells
4.1 Introduction
Recently, there have been extensive investigations of Organic Photovoltaic (OPV) solar
cells with an inverted device structure, modiﬁed indium tin oxide (ITO) is used as the cathode1
and a high-work function metal (Ag or Au) the anode. The ITO is modiﬁed by n-type metal
oxides or metal carbonates, including TiO2, ZnO and Cs2CO3.2-4 These metal oxide layers,
referred to as hole-blocking layers, are deposited onto the ITO glass. The Bulk-heterojunction
(BHJ) matrix/Active layer is spin coated and the anode is deposited on top (usually by thermal
evaporation). Compared with conventional polymer cells, inverted type devices demonstrate
better ambient stability by avoiding the need for the corrosive and hygroscopic hole-transporting
poly(3,4-ethylenedioxylenethiophene): poly(styrenesulphonic acid) (PEDOT:PSS) and lowwork-function metal cathode, both of which are detrimental to device lifetime. 5, 6
Power-conversion efﬁciency of state-of-the-art Inverted OPV cells has exceeded 8% in
the scientiﬁc literature7. However, to ﬁnd viable applications for this emerging photovoltaic
technology, further enhancements in the efﬁciency towards at or above 10% (the threshold for
commercial applications) are urgently required.8 One limitation of thin film inverted cells has to
do with the thickness of the BHJ matrix. Due to carrier mobility and transport through the active
layer, electron-hole pairs can only travel so far before recombining. Ideally the active layer of
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these cells would be limited to a thickness of 100nm9, but thickness needs to be at least 300nm in
order to absorb sufficient light. 10 Hence, devices must be thick enough to absorb light
effectively, but thin enough to allow electrons/holes to travel to opposite electrode without
recombining.
Recently, incorporating nanostructures into these OPV cells has gained considerable
attention11-13. To overcome the limitations of charge transport through the convoluted BHJ
morphology, nanostructures such as Au nanowire (NW) arrays can provide electrons/ holes a
faster and more direct path to the electrode, while keeping the thickness of the BHJ layer on the
micron scale. Au NW arrays also increase the pathlength of photons through reflection. Thus,
allowing for more efficient light harvesting compared to thin film devices.

Figure 4.1 illustrates the problem of BHJ thickness. Fig.4.1a shows a cell that has a BHJ
layer thick enough to absorb light, but the layer is too thick for the hole to transport through and
be collected by the Au anode. Fig.4.1b shows a cell that is thin enough for the hole to transport to
the anode, but most of the photons are not absorbed. Fig. 4.1c is our proposed structure. Au NWs
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are incorporated into the BHJ and are in contact with the anode. The BHJ is thick, yet the holes
only need to transport a short distance to a NW and then have a direct path to the anode. The Au
NW also reflect light and increase the length a photon travels through the BHJ matrix, thus
increasing the probability of absorption.
In order to fabricate the proposed structure (Figure 4.1c), three methods have been
attempted. The Bottom-Up method begins with Au NWs as the anode, BHJ matrix drop cast unto
the arrays and then the ZnO and ITO layers deposited on top for the cathode. The Sandwich
method begins by fabricating the anode and cathode separately and then adhering them together
during the curing process of the BHJ matrix. The final method, Nano Imprint Lithography (NIL)
is used to fabricate polymer (BHJ) nanowire arrays using an Anodized Aluminum Oxide (AAO)
template. By backfilling the voids between the nanowires with Au, a similar structure can be
achieved.

4.2 Experimental
4.2.1 Steps to make a typical Thin Film Inverted OPV Cell
In order to have a reference inverted OPV cell and to prove to the ability to make a
working thin film OPV cell, typical thin film cells were fabricated. The steps that were taken to
make a working inverted OPV cell are as follows:
Step 1) Prepatterned ITO Glass (Delta Technologies, CG-511N, Rs= 8 - 12 ohms, 25 x 25 x 1.1
mm) was clean by Ultrasonic treatment in detergent, deionized water, acetone, isopropyl alcohol
(10 minutes each), the dried with nitrogen. (Figure 4.2 a)
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Step 2) 30 nm ZnO layer, which functions as the hole-blocking layer, was deposited by spin
coating (Figure 4.2b), were the solution consisted of 157g/L zinc acetate was dissolved in 96% 2methoxyethanol and 4% ehtanlamine, after spin-coating a 30nm thick layer, the slide was
annealed at 250 ˚C for 5 min and then rinsed with IPA, DI water and acetone.
Step 3) The Bulk Heterojunction/ Active Layer was spin coated onto the ZnO layer. Individual
34 mg/ml solutions of poly (3-hexylithiophene (P3HT)( Aldrich #445703) and [6,6]phenyl-C61butyric acid methyl ester (PCBM)(Aldrich #684430) were prepared in dichlorobenzene in an
inert argon atmosphere and stirred at 60 ˚ C for several hours. Individual solutions were then
combined in 1:1 ratio and stirred for several more hours. Before application to substrate the
liquid was filtered with 0.2um PTFE syringe filter. After spin-coating in inert atmosphere, the
film was allowed to dry 15-20 min, upon drying, the layer can be observed changing from orange
to purple.
Step 4) Gold was deposited on the top of the active layer by thermal evaporation (Figure 4.2d).
The cells were then annealed at 155 ˚ C for 1h.
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4.2.2 Bottom-Up Method
One method to incorporate Au NWs into inverted organic solar cells was to start with
gold NW arrays as the anode and work up from there, hence “bottom up” method. First Gold
nanowire arrays were fabricated by electrodepostion. An AAO template (pore size 200nm) was
sputtered with a 20nm thick layer of silver on one side. The sputtered side of the template was
adhered to a strip of copper tape which was used as the anode. A non-conductive tape was used
to mask a certain area of the template to be exposed to the Au plating solution (Technics Inc). A
potentiostat (PAR Model 263A) was used to perform chronoptentiometry at a constant current of
0.9mA. A platinum wire was used as the counter electrode with a Ag/AgCl reference electrode.
The length of the wires could be controlled by the electrodeposition time. Samples were freeze
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dried to overcome the surface tension and prevent bundling of the nanowires. Figure 4.3
illustrates the Gold NWs alongside SEM images of the arrays.
Next, the Bulk Heterojunction/ Active Layer (composition of BHJ matrix was listed in
section 4.2.1) was drop cast onto the NW arrays. (Figure 4.4) Followed by the deposition of ZnO
and ITO layers on the BHJ layer by the reactive radio frequency (RF) magnetron sputtering. The
plasma was excited by a RF power supply in an APX Scientific Microlayer 400 sputtering
system. The target to deposit ZnO was a Zinc Oxide Circular Sputter Target (Lesker
EJTZNOX302A4) (2.0" Diameter x 0.250" Thickness, 99.9% pure).The target to deposit ITO
was Indium Tin Oxide (ITO) Circular Sputter Target (Lesker EJTITOX402A4) (2.0" Diameter x
0.250" Thickness, 99.9% pure). The substrates were placed 10cm from the target and the
chamber was pumped down to 1.7×10-5 mbar. The substrates were etched in argon at a pressure
of 4×10-2 mbar at 600 V bias voltage, 150 mA current, 200 W power, and 20 sccm argon flow
rate. The films were deposited at a base pressure of about 2.7×10-3 mbar, in a mixed pure
argon-oxygen atmosphere; the applied power was in the range 300-600 W. The sputtering time
was 20 min and 60min for ZnO and ITO respectively. Figure 4.4 shows the ZnO and ITO layer
on top of the active layer.
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4.2.3 Sandwich Method

The sandwich method was an attempt to take advantage of the sturdy prepatterned ITO
glass slide and adhere the Au NW array anode to the ITO cathode. Steps 1-3 of the thin film
fabrication method were carried out (section 4.2.1), which left 3 layers, the ITO, the ZnO and the
thin layer of BHJ matrix. For the anode, Au NW arrays were prepared as described above
58

(Section 4.2.2) and the BHJ matrix was drop cast onto the arrays. The anode and the cathode
were adhered together using an interdiffusion method or melt method14-16, where the two were
clamped together and heated to 230ºC for 15 minutes in a nitrogen atmosphere. See Figure 4.6.

4.2.4 Nano Imprint Lithography Method
The final fabrication method attempted to incorporate NWs into Inverted Organic Solar
Cells involved fabricating P3HT: PCBM nanowires and depositing the Au anode onto the
nanostructured active layer (Figure 4.7). AAO templets were used to imprint polymer (P3HT:
PCBM) nanowire arrays. In order to passivate the pores and reduce the surface energy of the
nanopore wall, the AAO templets were first treated with Polydimethylsiloxane (PDMS). 17 An
AAO template was cleaned for 5 min in an ultrasonic bath using deionized water, ethanol and
acetone. The PDMS prepolymer and curing agent were thoroughly mixed in a weight ratio of
10:1, followed by degassing for 0.5 h. The uncured PDMS was spin-coated on the AAO template
at 7000 rpm for 1 min to obtain a thickness of 8μm. Then, the AAO covered with uncured PDMS
was put in a vacuum chamber to remove the air trapped in the nanopores, so that the nanopores
of AAO were filled with uncured PDMS after infiltration for 2 h. Subsequently, the AAO filled
with uncured PDMS was immersed for several seconds in TBA. Then the template was heated
on a hotplate at 100°C for 2h.
Polymer nanopillars were fabricated by the secondary wetting step with the PDMS filled
AAO template. The P3HT: PCBM matrix was spin coated (4000rpm, 1 min) onto the treated
AAO templet. A prepatterned ITO slide with ZnO hole blocking layer already applied (Step 2
Section 4.2.1), was clamped to the dried P3HT: PCBM matrix. The template was then annealed
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at 220 ˚ C for 1h. After cooling to room temperature in an oven, polymer nanowires on the ITO
slide were obtained by peeling the slide carefully from the template. After obtaining P3HT:
PCBM NW arrays on the ITO slide, the Au anode would be deposited by thermal evaporation.

4.3 Characterization
4.3.1. Structural characterization
After synthesis, the desired nanoarchitectures were characterized using different probe
techniques such as field emission scanning electron microscopy (FESEM), energy dispersive
spectroscopy (EDS) and transmission electron microscopy (TEM).

4.3.2. Device characterization
The current-voltage curves were obtained by measuring the photocurrent of the cells
using a Keithley model 2400 digital source meter under an applied external potential scan. To
simulate solar light, a 150 Watt xenon lamp (Newport 96000) was fitted with an Air Mass Filter
(Newport 81094). The light intensity of the xenon light source was calibrated by using an NREL
calibrated silicon photodiode (Hamamatsu S1787-08 for visible to IR range).
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A spectrofluorometer (Quantum Master, PTI ) was used to obtain the IPCE data. The
photon flux of the light incident on the samples was calibrated using a UV enhanced silicon
photodiode (Newport, 818-UV-L). The equipped data acquisition system used voltage signals;
therefore, the current signals from the detector and test cell had to be converted through a current
sensitive preamplifier (Princeton Applied Research, Model 181). The exposed area (0.124 cm2)
and position of the detector and test cell were held constant through the use of a stationary mask.
During the IPCE measurements, a tungsten bulb (Ushio, 82V360W) driven by a variable
autotransformer (Staco Energy Products) was used as the bias light to generate a constant
background photocurrent in the cell.

4.4 Results and Discussion
4.4.1 Thin Film Inverted Bulk Heterojunction Cell
Thin film inverted cells were successfully made. All of the layers can be seen in the SEM
cross section image in Figure 4.8a. The top light colored layer is the gold anode (Fig 4.8b). The
BHJ active layer is darker and is at the ideal thickness of 200-300nm. The ZnO (30-50nm) and
ITO layers can be seen under the active layer (Fig 4.8 c-d).
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Device performance was measured by J-V curves and IPCE. The IPCE data in Figure 4.9
shows the thin film device has good quantum efficiency in the visible range (maximum of 40%
at 530nm) and has typical IPCE characteristics of cells based on a P3HT: PCBM bulk
heterojunction matrix18. The J-V curve obtained from the thin film device is displayed in Figure
4.10. The efficiency of the cell was 2.08%, this value, albeit lower than most reported thin film
cells (typical 7%-9%)19, 20, does prove that a working inverted bulk-heterojunction cell was
fabricated. Thus, all materials used to make the thin film cell can be considered reliable when
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nanostructures are introduced. Therefore, any issues with nanostructured cells should stem from
device architecture.
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4.4.2 Bottom-Up Method

Figures 4.3-4.5 and 4.11 show SEM images of resulting nanostructures from the bottomup method. The proposed architecture of the BHJ matrix embedded into gold NW arrays has
been successfully achieved through the drop cast process (Figure 4.4b) and the ZnO/ITO layer
can be viewed on top of the active layer in Fig. 4.11a. The top view of the nanowires (Figure
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4.11b) is promising because it shows the space in between the individual gold NWs as being
~150 nm. This falls within the ideal thickness of the BHJ matrix (100-200nm), such a short
pathlength should allow for efficient charge collection at the electrodes10. Unfortunately, cells
based on this design have not yet produced measurable photocurrent. Although the structures
seem to coincide with the desired architecture, small flaws, such as short circuits and thin anode
backing may be to blame. Figure 4.11c points towards short circuits between the Au NWs and
the ZnO/ ITO cathode. Attempts to decrease the short circuits by increasing the BHJ thickness
are currently being undertaken. Figure 4.11d shows that the thickness of the Au anode backing
has been increased by additional electrodeposition of gold on the back of the AAO template
upon removing of the non-conductive tape.

4.4.3 Sandwich Method
As with the other attempted fabrication methods, SEM images of the nanostructures
produced by the sandwich method are promising (Figure 4.12). The SEM images show the Au
NW anode as the top layer facing down. The bottom surface is the BHJ layer of the cathode.
Ideally better adhesion would be seen between the BHJ matrix embedded into the Au NWs and
the BHJ matrix of the cathode. An instance of slightly better adhesion can be seen in Fig 4.12b
compared to Fig. 4.12a. This better adhesion came after dissolving a thin layer of the BHJ matrix
before sandwiching. In order to dissolve a thin layer of the BHJ matrix, the cathode was placed
in a covered petri dish with dichlorobenzene vapors present as reported by Wang21. Cells based
on these nanostructures were fabricated and tested. Photocurrent was present, but no output

65

power could be measured. Creating working devices based on this method will most likely hinge
on the successful adhesion between the anode and cathode.

4.4.4 Nano Imprint Lithography Method
Figure 4.13 shows SEM images of polymer nanowire arrays obtained by the Nano
Imprint Lithography method. Ideally, uniform length nanowires would be formed, but the images
show random length nanowires (200nm-3um) resulted. The longer wires tended to fall over and
aggregate together, hence the importance of limiting the length to ~1um. The key to controlling
the nanowire length is PDMS treatment of the AAO. Future work will focus on controlling the
pore depth of the treated AAO template. Solar cell devices have not yet been fabricated with the
resulting structures.

66

4.5 Conclusion
While each method of incorporating Au NW arrays into OPV cells has promise, each
method had its own challenges. Shorts circuits were visibly confirmed in the SEM images of
bottom-up method structures. New techniques need to be studied for assembling these devices
without the generation of shorts. Current studies are underway to increase the BHJ layer in
between the Au NW tips and the ZnO/ITO layer by spin coating a second layer of BHJ matrix
after the drop casting it onto the NWs. The sandwich method needs better adhesion between the
two electrodes. Solvent vapor assisted dissolving of the polymer layer on both electrodes will be
attempted, rather than just the cathode. And finally, the growth of uniformed length polymer
NWs is the main challenge associated with the NIL method. PDMS treatment of the AAO in this
method is being further developed to control the pore depth and thus the length of the fabricated
wires.
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Chapter 5 Concluding Remarks
It’s clear that the worlds energy needs will not be sustained by fossil fuels in the decades
to come. The research being done today on renewable energy sources will not only give us
freedom from unsustainable energy sources, it will also benefit future generations. Life on Earth
has always been about adaptation and we have relied on fossil fuels long enough to power our
growth. Solar photovoltaics will play a key role in our shift to renewable and environmentally
friendly power generation. Third generation solar devices are emerging due to their cost
effectiveness, yet much work needs to be done to improve efficiency in order to make them
commercially viable. This thesis looked at two of these emerging technologies, dye-sensitized
solar cells and organic solar cells. Simple nanostructures introduced within these devices show
promise to enhance charge transport and light absorption.
The first of these studies was enhancement of dye sensitized solar cells with Au nanowire
arrays incorporated into them. EIS and IPCE was used to explain the enhancement of DSSC
when Au NWs where grown within TiO2 nanotube arrays. The increase in short circuit current
was due to a combination of increased light scattering by the Au NWs and localized surface
plasmon resonance of the Au NWs. The slight increase in open circuit voltage was due to the
extended electron lifetime and increased recombination resistance. Other Au/TiO2 core/shell
structures where fabricated and investigated as well. Deposition of TiO2 by PLD and magnetron
sputtering onto Au NW arrays where two techniques that were compared to Au NW arrays with
mesoporous TiO2 films applied. Neither technique proved as good as the mesoporous film on Au
NW arrays, which lead us to conclude that rougher mesoporous film, which consists of
individual nanoparticles, provide more trap states and hold on to electrons longer compared to
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smoother almost crystalline films deposited by sputtering or PLD. More devices based on Au/
TiO2 core/shell structures will need to be fabricated and characterized in order to prove electrons
are being transported though the gold wires. New equivalent circuits might need to be utilized in
which added circuit elements account for charge transfer processes from the gold to the oxide.
This will help optimize the type of film used to cover the Au NWs, the length of the structures
and the electrolyte used.
The second study involved incorporating Au NW arrays into organic photovoltaic cells.
This study began with proposing a device architecture where Au NW arrays are embedded with
BHJ matrix in order to provide charges a direct lateral path with interwire distances 50-150nm.
Three methods where attempted to achieve this architecture. The bottom up method which begin
with the Au NW anode and drop casted the BHJ matrix onto it. The cathode was deposited by
magnetron sputtering. The biggest drawback of this method was the shorts created when the
cathode was deposited onto the polymer BHJ layer. Future work needs to be done to optimize the
film thickness or deposit the ZnO/ITO cathode differently. The sandwich method started with
fabricating the anode and the cathode separately and then sandwiching them together. Adhering
the two electrodes together was the main challenge. Dissolving a thin film of the BHJ matrix
seemed to help the adhesion problem. Future work should focus on optimizing the adhesion
process. The nano imprint lithography method began by fabricating BHJ polymer NWs using an
PDMS treated AAO template. The Au anode can then be formed by backfilling the voids
between the polymer NWs. SEM images of the polymer NWs showed inconsistent wire length.
Steps to optimize the wire length consistency are being taken. Future work will focus on the
PDMS treatment of the AAO template. If all pores are filled to a consistent depth, then the
polymer NW lengths should be constant as well.
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It should be noted that the cell performance data presented in this thesis is dismal
compared to what is usually reported in literature. This should speak to the amount of difficulty
associated with device fabrication coupled with novel nanostructure architecture. In theory, our
proposed structures are promising, but in practice, these devices are not easily fabricated. DSSC
based on mesoporous film are somewhat easy to fabricate and characterize, test leads can easily
be attached to two rigid FTO coated slides and the TiO2 film is annealed to the slides creating a
good ohmic connection. Yet when nanostructures are introduced device fabrication is not so
straight forward. The redox couple and organic solvent in the electrolyte cause these devices and
the connections within them to degrade rapidly. Much time and effort was spent fabricating
devices with a very low success rate.
Device fabrication of OPV cells is also straight forward when the typical thin film
architecture was used. Special test leads customized to the prepatterned ITO made testing thin
film devices simple. Yet when nanostructures were applied device fabrication problems arose
when wires would need to be attached to films who’s thickness where on the nanometer scale.
Great care must be taken with such delicate surfaces. Due to these challenges OPV devices
suffered from a very low success rate as well.
Overall these techniques gave us insight into the mechanics and future challenges of two
types of emerging photovoltaic devices. Further study of both the overall device architectures
and the methods of assembly are required before these types of devices can compete with
photovoltaic devices currently on the market.
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