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ABSTRACT

A hybrid, nanostructured solar cell architecture has been designed, described, fabricated
and characterized. ZnO nanowires were synthesized using thermal chemical vapor deposition to
act as a high energy photon absorber scaffold and electron transport pathway. InP-ZnS core-shell
quantum dots were attached to the nanowires via surface chemistry to act as a high-efficiency
sensitizing absorption medium. A ligand exchange procedure was performed to cap the quantum
dots with mercaptopropionic acid for improved adhesion to ZnO nanowires and improved
electrical properties. Experimentation was performed to optimize the surface chemistry adhesion
of the ligand exchange and quantum dot-nanowire adhesion. A thoroughly-filled P3HT matrix
was drop coated selectively and annealed into the quantum dot sensitized nanowire array to serve
as a hole capture and transport, absorption, and planarizing medium. Characterization was
performed throughout device fabrication using SEM, TEM, XRD, PL spectroscopy, Raman
spectroscopy, UV-Vis spectroscopy, and electrical measurements. A dense monolayer of
quantum dots was deposited and imaged via HRTEM. PL quenching of quantum dots in P3HT
was observed. The viability and advantages of quantum dot sensitization of a hybrid ZnO
nanowire-P3HT hybrid were shown via PL, UV-Vis and device electrical measurements.
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CHAPTER 1
INTRODUCTION

Quantum dot (QD) functionalized nanostructures and hybrid organic/inorganic
photovoltaic devices have attracted considerable attention in recent years due to the potential for
low cost and low temperature processing of the materials [1-3]. QDs have the potential for
increased stability and lifetime compared to traditional dyes and also have the potential for
multiple electron generation per photon [4-8] as well as an absorption spectrum that can be tuned
via quantum dot size [8]. Core-shell quantum dots have been shown to offer a more stable
structure than single material quantum dots without a capping layer [9]. Nanowire scaffolds have
been extensively used as efficient, low resistance electron transport pathways which minimize
the hopping mechanism in the charge transport process of quantum dot solar cells [1-4,9]. Single
crystal high bandgap semiconductor nanowires can, in addition to providing an efficient
electrical transport medium, act as an additional photon absorbing material for short wavelength
photons, both generating near bandgap excitons and providing a protective structure for the rest
of the architecture from caustic UV radiation. However, the use of liquid electrolytes within
these scaffold device structures, such as triiodide/iodide, as a hole transport medium has led to
significant degradation of the QDs [4].
The device structure was designed to combine the best ideas of several different
structures. Quantum dot array solar cells have excellent absorption properties, capable of tuning
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the band gaps of the comprising quantum dots by altering the quantum dot size, allowing a more
efficient capture of the energy within the solar spectrum by absorbing incident photons at or near
their respective energy values and allowing even the capture of low energy, high wavelength
photons that are outside the range of traditional silicon solar cells. This benefit alone is key,
opening up a larger portion of the solar spectrum as harvestable energy, thus opening up the
possibility for devices capable of surpassing the Shockley-Queisser limit [10]. However, the
carrier dynamics of such structures are often poor, specifically free carrier pair recombination,
due to the interfacial hopping mechanism of free carriers within the arrays of quantum dots and
the poor p-n junction characteristics offered by such structures [8, 11, 12]. Polymer based bulk
heterojunction solar cells have the advantages of simple and inexpensive manufacture and
abundant materials, as well as relatively long free carrier lifetimes. However, such architectures
often have even longer transit times, leading to a relatively large loss from the already meager
numbers of generated free carriers caused by non-ideal absorption spectra [13]. Quantum dots
interspersed throughout such polymer bulk heterojunction solar cell architectures offer a simple
method to improve absorption properties, specifically offering the capability of multiple exciton
generation, and might even slightly improve carrier dynamics while the polymer matrix protects
the quantum dots from deterioration; however, long transit times are still a problem that plagues
such solar cells. Lastly, the device structure of single-crystal nanowires submerged in a liquid or
polymer matrix offers better carrier dynamics, as well as low manufacture costs, but still presents
the problem of an absorption spectrum that is not capable of efficiently capturing the full range
of photon energies found in the solar spectrum [13, 14]. The focus of this project has been a
quantum dot sensitized hybrid ZnO nanowire/P3HT solar cell. The goal of the project was to
take steps towards producing a high efficiency, low cost solar cell that makes use of inexpensive
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manufacture processes and abundant materials. In doing so, several growth and deposition
methods, typical methods of characterization, and the relevant surface chemistry and physics of
device operation of quantum dots secondarily and solar cells primarily have been utilized.
By attaching quantum dots to a scaffold of nanowires and depositing a matrix onto the
nanowires and dots, the advantages offered by each of the above architectures can be utilized in
order to produce a low-cost and high-efficiency solar cell. The quantum dots allow for nearband-gap capture of photons by varying quantum dot size and thus band gap to prevent loss of
energy due to “hot carriers” or above band gap excitons relaxing to a lower energy state at the
bottom of the conduction band prior to electron-hole pair separation through the generation of
phonons. The discrete energy levels afforded by quantum dots also aid in preventing the loss of
energy due to hot carrier cooling. This phenomenon actually opens up the possibility of
generating multiple excitons from a single high-energy photon if the initial high energy exciton
can be separated into free carriers prior to relaxation; this requires surface contact with a fast
electron donor or acceptor material, often referred to as an electron or hole trap. The singlecrystal nanowire scaffold offers a pathway for efficient carrier transit, avoiding interfacial
hopping. By attaching quantum dots directly to the nanowires, the design of the device structure
attempts to optimize the transitional properties of the free carriers generated in the quantum dots.
The polymer matrix is chosen to act as an efficient capture and transfer medium for holes,
completing the requisite p-n junction of the device. The polymer encases and protects the
quantum dots from deterioration and accepts the opposite free carrier of the nanowires. This
hybrid device structure attempts to maximize the benefits of several different architectures in
order to optimize device performance while minimizing the need for expensive processing
techniques. A graphic model of the described architecture may be found in Illustration 1.1.
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Illustration 1.1 Sketch of device structure.
The top layer is a transparent conducting substrate onto which nanowires are grown. The middle
layer is comprised of a quantum dot functionalized nanowire scaffold embedded in a polymer
matrix. The bottom layer consists of a contact attached to the bottom of the polymer.
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CHAPTER 2
CHARACTERIZATIONS

Several different types of characterization have been performed to assess the quality and
performance of the devices at several steps throughout processing. Photoluminescence
spectroscopy (PL) was utilized to gauge the number of defects in the nanowires and as a
quantification for attached quantum dots. The confocal PL measurements for this work were
carried out utilizing a Princeton Instruments Monovista spectroscopy system using either a
Coherent Verdi V-12 532 nm wavelength laser or MBD-266 UV laser serving as the excitation
source. Confocal microscopy refers to the use of a focusing objective to focus illumination to a
specific area on a specimen, as opposed to broad or unfocused illumination, and to filter the
reflected illumination, along with the emitted signal passing through an aperture, of all photons
not originating from within the selected area. By incorporating a microscope into the PL
measurement setup, enhanced spatial resolution was attained. Several filters are available for
reducing laser intensity incident upon the specimen. The spectrometer for this setup had three
different gratings (1200, 1800, and 2400 groove/mm) which were used to spatially disperse the
incident light by wavelength which is then directed onto a charge-coupled device (CCD) for
detection. The angle of the grating was rotated while instantaneous snapshots were taken with
the CCD. These frames were then superimposed to form an entire spectrum from the snapshots.
Nanowire and P3HT samples were used as-grown/-deposited on substrate for PL spectroscopy.
However, higher energy and intensity laser excitation has been linked to a loss of detected
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photons luminesced from quantum dots; therefore, energy, intensity, and exposure was
minimized for quantum dot functionalized samples.
Raman spectroscopy was used to verify molecular composition. Standing wave crystal
lattice vibrational modes offer another mechanism through which light interacts, producing
Raman scattering, by which materials may be characterized. The same setup as used for the
confocal PL measurements was also used to perform the confocal Raman spectroscopy
measurements for this work; however, solely the Verdi 532 nm wavelength laser was used as the
excitation source. Nanowire samples were used as-grown on substrate for Raman spectroscopy.
Transmission electron microscopy (TEM) was used to take high resolution images that
depict the orientation and size of the nanowires and the quantum dot coverage of the nanowires.
TEM measurements were performed using an FEI Tecnai F-20 using a small spot size beam
accelerated at 200 kV. The TEM was also equipped with a charged-couple device (CCD) camera
for scanning transmission electron microscopy (STEM) imaging and an Oxford EDAX energy
dispersive spectroscopy (EDS) used for chemical mapping. Preparation of samples for TEM
analysis required a single nanowire be isolated and deposited on a pre-fabricated TEM 200 mesh
copper grid. An as-grown nanowire on substrate sample was submerged in a 3 mL ethanol
solution and sonicated for approximately 20 seconds. A single drop of the solution was then
deposited onto the mesh grid. This grid was then mounted onto a double tilt holder used for TEM
analysis.
EDS via TEM was used to determine what and where elements were present on quantum
dot functionalized nanowire samples. STEM is a mode of operation on the TEM equipment that
allows the functionality of an SEM under TEM conditions. In conventional TEM, the electron
beam travels through the sample and is focused to a fine point past the sample at the back focal
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plane. In STEM mode, the beam is focused at the surface of the sample, providing a small probe
scanning the sample. This method of operation can be used in conjunction with an EDS detector
in order to analytically perform chemical characterization of the sample. When an electron beam
interacts with the sample, it may excite an electron in an inner shell, ejecting it from the shell
while creating an electron hole where the electron was located. A higher-shell electron then
drops to the hole producing a characteristic X-ray. The energy of the X-ray is characteristic of
the difference in energy between the two shells and the atomic structure of the element from
which they are emitted. This characteristic energy value can be measured by an energydispersive spectrometer.
Scanning electron microscopy (SEM) was used to assess the density, thickness, length,
and orientation of the nanowires after growth. SEM was used to evaluate the filling of the
nanowire scaffold, as well as the roughness of the top of the P3HT layer prior to contact
deposition. SEM measurements were performed using a JEOL 7000F Scanning Electron
Microscope and a Philips XL-30 Scanning Electron Microscope. The JEOL microscope was
equipped with a Schottky field emitter electron gun with a beam operated between 15-20 kV and
a chamber pressure of approximately 10-5 Pa; the XL-30 was equipped with a filament electron
emitter with a beam operated also at 15-20 kV at a chamber pressure on the order of 10-5 Pa. A
working distance of approximately 10 mm was used, optimizing the available resolution.
Nanowire and P3HT samples were used as-grown/-deposited on substrate for scanning electron
microscopy. For cross-sectional images of a deposited P3HT matrix within an array of ZnO
nanowires, as-deposited samples were cleaved using a razor blade or a diamond-tipped cutting
tool.
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X-ray diffraction (XRD) was utilized to determine the composition, crystallography, and
orientation of the nanowires. XRD was performed using a Philips X’PERT x-ray diffractometer
with a copper x-ray source. The Cu Kα1 transition energy corresponds to the primary photon
wavelength of the beam, λ = 1.54056 Å; however, the instrument used was not outfitted with a
monochromator and a less intense signal of Cu Kα2 photon wavelength of λ = 1.54439 Å was
also present in the beam. This caused a dual peak phenomenon. Specimen were first calibrated to
the stage of the diffractometer, then a 2θ-Ω scan was performed wherein the stage was rotated
through a range of angles with respect to the incident beam and the detector was rotated in
synchronization with the stage at twice the angular rate of the stage’s rotation to the incident
beam. The sample was the center of the axes of rotation. Samples were used as-grown/-deposited
on substrate for XRD.
Optical UV-visible spectrum absorption and transmission measurements were performed
to determine optical characteristics of nanowire samples all throughout device fabrication. UVVis was performed using a Varian Cary 50 Scan spectrophotometer. This spectrophotometer
used a Xenon lamp for illumination with a spectral range of 190 nm to 1.1 μm. Samples were
used as-grown/-deposited on transparent substrate for UV-Vis spectroscopy. Rough or reflective
substrates greatly reduced the intensity of the transmitted beam; an appropriate scaling factor
adjustment is applied to UV-Vis spectra performed and reported in this study.
Electrical measurements were utilized to determine device current-voltage characteristics.
Two-point probe electrical measurements were taken using a Keithley 2612A sourcemeter with a
Semiprobe probe station using Semiprobe MA-8005 manipulators and tungsten probes.
Illumination was provided using a Fiber-Lite MI-152 using a quartz halogen lamp; the samples
were illuminated through the microscope column of the source meter and the light was focused
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through the objective onto a specific area on the surface of the sample. Samples were used asgrown/-deposited or with sputtered Au contacts on non-conducting deposited materials. In order
to prevent a Schottky diode effect between the tungsten probes and GaN thin-films on the
substrates, GaIn eutectic was used to provide an electrical pathway between Au contact pad and
thin-film. When performing electrical measurements on a sample photovoltaic device,
illumination was incident upon the reverse side of the device, due to physical constraints. Rough
or reflective substrates also greatly reduced the intensity of incident illumination.
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CHAPTER 3
MATERIALS

The design has been implemented to minimize the use of toxic, sparse, or expensive to
process materials while optimizing device performance. ZnO nanowires are the basis of the
device structure, offering a less expensive option than the popular, but expensive ITO nanowires
[15]. The nanowires were grown in the c-direction on an epitaxial n-doped wide bandgap
semiconductor layer deposited on <001> plane Al2O3 substrate using thermal chemical vapor
deposition (CVD) via carbo-thermal reduction of ZnO powder in graphite powder under an
atmosphere of Argon. ZnO nanowires have shown an excess of free electrons, making it an ntype material, and a good electron transport medium. Experimentation has also been performed
on further n-type doping of the nanowires. The well aligned nanowires are a good conductor of
electricity, with a conductance on the order of 1-2 (Ω-cm)-1. Nanowires have also been grown on
the sapphire substrate with a zinc acetate seed. InP-ZnS core-shell quantum dots are attached insolution to the nanowires by use of surface chemistry. InP-ZnS core-shell quantum dots are a less
toxic alternative to the popular CdSe quantum dots [16-18], allowing for less expensive and safer
handling of the quantum dots. The core-shell architecture may also allow for superior charge
separation characteristics. Colloidally-grown quantum dots were purchased from NN-Labs, Inc.,
and stored in solution in toluene. Upon purchase, the quantum dots were capped in an oleylamine
ligand. The quantum dots undergo a ligand exchange process in a methanol solution, replacing
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the oleylamine with mercaptopropionic acid (MPA), and were then attached to nanowires on a
substrate in the methanol solution. Poly (3-hexylthiophene) (P3HT) was drop coated onto the
quantum dot functionalized nanowires to coat the wires completely. P3HT is a polymer with
good hole-transport properties that can conveniently be dissolved in a solution of
trichlorobenzene for ease of deposition via drop or spin coating, minimizing production costs.
There has been some experimentation with plasma etching on the P3HT in order to planarize the
surface prior to contacts being attached, but currently no etching is being done. Lastly, Au
contacts are deposited onto the P3HT to optimize the interface for device testing. Illustration 3.1
depicts the relative energy band levels of the primary materials used in photovoltaic architecture.
Bulk energy levels are used. Due to relative energy levels of ZnO and P3HT, P3HT should act as
an efficient, fast hole trap whereas ZnO should act as an efficient free electron trap and
conductive medium fast transport pathway. ZnS comprises the shell of the core-shell quantum
dots.
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Illustration 3.1 Bulk band level diagram.
Material denoted at head of column. Top line corresponds to conduction band level. Bottom line
corresponds to valence band level. Energy value denoted to side of energy level. Energy levels of
P3HT representative of electron affinity and effective band gap. GaN thin film layer on substrate
used for subsection of samples [19].
A. ZnO Nanowires
ZnO, a II-VI semiconductor, has several unique properties. ZnO has a molar mass of
81.408 g/mol. The wide direct band gap of ZnO of 3.37eV enables it to be a promising material
for applications of short wavelength optical devices like UV lasers and light emitting diodes.
ZnO normally forms into either hexagonal wurtzite with lattice constants a = 3.25 Å and c = 5.2
Å, cubic zincblende, or rock salt. A large exciton binding energy of 60 meV ensures efficient
excitonic emission at room temperature. ZnO has a high electron mobility of 205 cm 2(V·s)-1 at
room temperature and a peak electron mobility of approximately 2000 cm2(V·s)-1 at 50 K [20].
Besides solar cells, ZnO also has other applications including transparent electronics, chemical
and biological sensors, and mechanical energy harvesting devices due to its good transparency,
strong room-temperature photoluminescence, high heat capacity, high thermal conductivity, low
12

thermal expansion, a melting point of 1975° C, and a hardness of 4.5 on the Mohs scale. The
well aligned nanowires are a good conductor of electricity, with a conductance on the order of 12 (Ω-cm)-1. ZnO is insoluble in water. ZnO is often unintentionally doped n-type, a phenomenon
the cause of which is currently under debate. Oxygen vacancies are one considered possibility,
while an argument has been made for impurities as well. Due to the unintentional intrinsic
doping of ZnO, suitable p-type doping of ZnO remains a challenge. ZnO, as many other
materials, displays different properties when sizes are reduced down to nanometer scale. These
properties include a high surface to volume ratio and other physical properties arising from
quantum confinement. ZnO is probably the richest family of nanostructures among all materials,
both in structures and properties. ZnO nanostructures, including nanowires, nanorings, nanobelts,
and so on, form the building blocks of many devices such as nanolasers, field-effect transistors,
and gas sensors. Several different methods are popular for synthesizing all these different
nanostructures. The vapor-liquid-solid method is a sufficient way to grow well-aligned ZnO
nanowires using Au or Sn as a catalyst on different kinds of substrate. Other methods, including
metal-organic chemical vapor deposition, molecular beam epitaxy and solution growth provide
good ZnO nanostructure as well. However, the growth mechanism of ZnO nanostructure remains
unclear and the properties of ZnO nanostructure vary from one process to another.
B. InP-ZnS Core-Shell Quantum Dots
Quantum dots are nanostructures of sufficiently small size to exhibit quantum
confinement effects in three orthogonal spatial directions. Due to these three-dimensional
confinement properties, the size and shape of quantum dots have a strong effect on the electrical
and optical properties of the nanostructure. Due to the high degree of control over the size of
produced semiconductor nanocrystals, the properties of quantum dots can be easily manipulated.
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The band gap is a prime example: in general, as the size of the quantum dot is decreased, the
band gap increases, increasing the minimum energy of absorbed photons and the energy of
luminesced photons, causing a blue shift in luminescence. Quantum dots exhibit a much less
broad density of states than bulk materials or other quantum structures with less dimensions of
confinement. Due to their excellent optical and electrical transport properties pertaining to
quantized energy spectra and density of states, quantum dots are being used and researched for
use in a plethora of applications, including diode lasers, photodetectors, biological and
biomedical applications, light emitting devices, and quantum computing. Cadmium- and other
heavy metal-free quantum dots are of particular interest due to their potential for use in consumer
and commercial devices. There are a variety of methods currently used to produce quantum dots;
however, colloidal synthesis is the method used for the fabrication of the quantum dots used in
this study.
Colloidally-grown InP-ZnS core-shell quantum dots were purchased from NN-Labs, Inc.
Bulk InP is an III-V semiconductor with a direct band gap of 1.344 eV, and forms the core of the
core-shell quantum dots. InP most commonly crystallizes in the zincblende structure with a
lattice constant of 5.86 Å. InP has a molar mass of 145.792 g/mol. ZnS, an II-VI semiconductor,
forms the shell of the quantum dot. ZnS most often crystallizes into either a cubic zincblende
structure with a bulk band gap of 3.54 eV, or a hexagonal wurtzite structure with a bulk band gap
of 3.91 eV. The cubic zincblende structure of ZnS has a lattice constant of 5.42 Å, whereas the
hexagonal wurtzite structure of ZnS has lattice constants of a = 3.82 Å and c = 6.26 Å. ZnS has
a molar mass of 97.474 g/mol. The shell of ZnS increases the stability of the quantum dots, but
also forms a heterojunction with the InP, enhancing the properties of the quantum dot. Although
the junction characteristics differ greatly in the nanostructure regime, bulk InP and ZnS form a
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type-I heterojunction. As purchased, the quantum dots were capped with an oleylamine ligand.
The quantum dots were stored in a 5 mg/mL concentration solution of toluene. Four sizes of
quantum dots were used in this study, represented by the approximate photon wavelength
associated with their effective band gaps: 650 nm, 590 nm, 560 nm and 530 nm. These quantum
dots range in size from approximately 5 nm to 7 nm in diameter. The size-tunable property of the
band gap of quantum dots is evidenced by the varying colors seen in solutions of similar
concentration and molecular composition, differing only by the size of the nanocrystals
contained within. A figure depicting this phenomenon may be found in the appendix.
Figures 3.1 and 3.2 depict the PL spectra of the 590 nm and 650 nm emission peak
quantum dots, respectively, dried from solution onto a glass slide. Confocal PL spectroscopy is
performed using a 532 nm laser excitation source. In general, quantum dot emission spectra are
expected to be roughly Gaussian in shape. The peak shoulders seen in the figures are therefore
unexpected for well-grouped, like-sized quantum dots possessing similar properties. The peak in
Figure 3.1 is centered at 623 nm; the peak in Figure 3.2 is centered at 688 nm.
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Figure 3.1 PL of 590 nm quantum dots.
Confocal PL spectroscopy scan of InP-ZnS core-shell quantum dots with an expected emission
peak at 590 nm on glass slide photoexcited by 532 nm laser.
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Figure 3.2 PL of 650 nm quantum dots.
Confocal PL spectroscopy scan of InP-ZnS core-shell quantum dots with an expected emission
peak at 650 nm on glass slide photoexcited by 532 nm laser.

Figure 3.3 depicts a confocal Raman spectrum for InP-ZnS core-shell quantum dots dried
from solution on a glass slide. Peaks can be found at 305 cm-1, 460 cm-1, 629 cm-1, and 980 cm-1;
the peak at 305 cm-1 corresponds to a transverse optical (TO) phonon mode of InP [21, 22], and
can be utilized to characterize the quantum dots.
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Figure 3.3 Raman of quantum dots.
Confocal Raman spectroscopy scan of InP-ZnS core-shell quantum dots with an expected photoemission peak at 590 nm on a glass slide photoexcited by 532 nm laser. The spectrum of the
glass slide has been removed from the displayed spectrum.

C. Poly(3-hexylthiophene) Polymer Matrix
P3HT was used as the hole-conducting polymer matrix in which the quantum dot
functionalized nanowire scaffold is embedded. P3HT is a conductive polymer, with conductivity
on the order of 10-6 Ω-1-cm-1 [23]. P3HT also completes the p-n junction of the device, providing
a medium with excess holes in contrast to the inherent unintentional n-type doping of the ZnO
nanowires. Regio-regular P3HT, used for its enhanced electrical properties, was purchased from
Rieke Metals, Inc. P3HT has a chemical formula of (C10H14S)n. P3HT melts at 238° C. P3HT is
soluble in chloroform, trichlorobenzene, chlorobenzene, toluene and xylenes. P3HT is used in
many organic solar cell architectures for its excellent hole capture properties, slow
recombination rate, and ease of deposition. P3HT has an effective band gap of 2.02 eV, with an
electron affinity of 2.74 eV, making it an excellent hole trap medium. Given the widespread use
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of P3HT in durable polymer bulk heterojunction architectures [24], as well as the increasing use
of dispersed quantum dots in P3HT to enhance the hole transport and power conversion
efficiency in hybrid architectures [25-27], P3HT should also provide a less caustic environment
for quantum dots than electrolytic liquid hole transport mediums.
Figure 3.4 depicts a UV-Vis transmission spectrum of a P3HT sample. A film of P3HT
was deposited onto a sapphire substrate coated with a ZnAlO thin film. The P3HT was drop
coated in a solution of trichlorobenzene, allowed to dry, and then annealed. The sizeable drop in
transmission at and below approximately 620 nm corresponds to the absorption of P3HT;
wavelengths greater than 620 are below the efficient absorption energy range of P3HT. This
shows that P3HT is not only effective as a hole capture and transport matrix, but also as an
additional layer of effective absorption material. The band edge of the ZnAlO can be seen at
approximately 380 nm. The P3HT thickness was measured to be on the order of 1.2 μm. As can
be seen, even a thin film of P3HT can act as an effective absorption layer, minimizing required
device thickness. This is an important distinction as traditional conjugated polymers often have
hole diffusion lengths on the order of 10 nm and absorption lengths on the order of 100 nm [28].
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Figure 3.4 Transmission of P3HT.
UV-Vis transmission spectroscopy scan of a P3HT film deposited onto a ZnAlO thin film
coating on a sapphire substrate.
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CHAPTER 4
FABRICATION

A. Nanowire Synthesis
In this device structure, growth of ZnO nanowires was the first step. Nanowire synthesis
was performed using thermal CVD through both catalyst-assisted and catalyst-free method on
sapphire <001> substrate plain, coated with aluminum-doped ZnO and coated with GaN. CVD
was performed in a tube furnace at 900° C under flow of ultra high purity argon. ZnO powder
was evaporated with carbo-thermal reduction in graphite powder using a 1:2 molar ratio. The
crystal structure was then verified by XRD and the morphology is studied via SEM. Vibrational
properties and optical properties were investigated by Raman spectroscopy and PL. The ZnO
nanowires are well-oriented hexagonal wurtzite, with growth occurring in the c-direction.
Figures 4.1 and 4.2 depict XRD scans typical of ZnO nanowires grown on an epitaxial layer of
GaN deposited onto a <001> sapphire substrate. Figure 4.1 shows the results of a scan in which
the angles between the x-ray detector and the incident beam, 2θ, and between the incident beam
and the plane of the surface of the sample, Ω, are varied in synchronization. In this scan, the peak
at 34.6° 2θ corresponds to the <0002> ZnO planes and the peak at 41.7° 2θ corresponds to the
<006> Al2O3 planes, according to Bragg’s Law with an x-ray wavelength of 1.54 Å. Figure 4.2
shows the results of a scan in which the 2θ angle is kept at a constant 34.6° while the Ω angle is
varied. In this scan, the width of the peak represents the quality of the orientation of the <0002>
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ZnO planes. The full-width half-max of this peak is 0.15° Ω, signifying that the c-planes of the
ZnO nanowires are well aligned, and therefore the ZnO nanowires are well aligned. As stated
previously, the x-ray diffractometer used was not equipped with a monochromator, hence the
smaller secondary peak seen corresponding to ZnO in Figure 4.1.
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Figure 4.1 XRD 2θ-Ω of nanowires.
XRD 2θ-Ω scan depicting typical ZnO nanowire sample grown on a thin layer of GaN deposited
onto a sapphire substrate.
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Figure 4.2 XRD Ω of nanowires.
XRD Ω scan depicting typical ZnO nanowire sample grown on a thin layer of GaN deposited
onto a sapphire substrate. 2θ is held constant at 34.6°.

Figure 4.3 is an SEM image of typical ZnO nanowires. The wires were grown on an
epitaxial layer of GaN without the use of any catalyst. The ZnO nanowires generally range from
20 μm down to less than a micron in length and 100-200 nm in diameter with a density on the
order of 109 nanowires/cm2. Due to the high absorption coefficients of the layers of the device
structure, nanowires on the order of a single micron are preferred for device fabrication. Good
alignment and orientation provide optimal electrical transport properties for the nanowires. This
is essential as providing an efficient electron transport medium is one of the primary advantages
of the nanowire scaffold. Simultaneously, a balance must be found between surface area and
volume with respect to the diameter of the wire to maximize QD density while still maintaining
good electrical conductivity. Pertaining to the orthogonal dimension, the nanowire length must
be optimized to support the required device depth to maximize absorbed incident sunlight while
minimizing free carrier drift distance.
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Figure 4.3 SEM of nanowires.
SEM image of typical ZnO nanowires grown via thermal CVD onto GaN thin film layer
deposited onto <001> sapphire substrate. Nanowires are oriented in the c-direction.

Figure 4.4 is a confocal Raman spectroscopic scan of typical ZnO nanowires. A 532 nm
laser was used to excite the sample. The spectrum is dominated by the E2 phonon mode of
wurtzite ZnO found at 438.9 cm-1. The ALO (longitudinal optical) peak at 577.7 cm-1 is an
indicator of good alignment. The peak at 379.5 cm-1 corresponds to the ATO phonon mode.
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Figure 4.4 Raman of nanowires.
Confocal Raman spectroscopy scan of ZnO nanowires on sapphire substrate photoexcited by 532
nm laser.

Figure 4.5 depicts a confocal PL spectrum of typical ZnO nanowires. The sample was
excited using a 266 nm laser source. The peak at 376 nm can be attributed to the ZnO; photon
wavelengths of 376 nm correspond to energy of approximately 3.3 eV, approximately the band
gap of ZnO. The defect, or green, peak at approximately 500 nm is nonexistent or very small in
intensity compared to the ZnO band edge peak at 376 nm, further signifying well oriented
nanowires with relatively low defect concentration.
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Figure 4.5 PL of nanowires.
Confocal PL spectroscopy scan of ZnO nanowires on sapphire substrate photoexcited by 266 nm
laser.

Figure 4.6 shows a HRTEM image of a single ZnO nanowire grown using thermal CVD
onto a <001> sapphire substrate, then scraped off the substrate and sonicated. The direction
normal to the planes that can be identified in the image is the <0001> direction. This image
verifies the alignment and orientation of the ZnO nanowires. The observed interplanar distance is
in agreement with the expected value of c = 5.2 Å.
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Figure 4.6 HRTEM of ZnO nanowire.
The growth direction is normal to the orientation of the distinguishable planes within the
nanowire.

B. Ligand Exchange and Quantum Dot Attachment
In order to attach the InP-ZnS quantum dots to the ZnO nanowires, a ligand exchange
was performed to replace the oleylamine ligand of the quantum dots with a MPA ligand. The
chemical formula of oleylamine is CH3(CH2)7CH=CH(CH2)8NH2; the chemical formula of MPA
is HSCH2CH2COOH. A not-to-scale, non-quantitatively representative graphical model of a
quantum dot capped in oleylamine is shown in Illustration 4.1; a likewise graphical model of a
quantum dot capped in MPA is shown in Illustration 4.2. It was expected that the shorter MPA
ligand provides superior surface adhesion and interfacial electrical conductivity properties to
oleylamine because of its thiol group and carboxylic acid tail. The basic methodology of the
ligand exchange and quantum dot attachment is as follows. MPA was chosen as a linking
molecule due to a thiol group on one end of the molecule and a carboxylic acid group on the
other. The ligand exchange was performed in a solution of methanol. The relative number of
methoxide ions of the methanol solution was increased; this was quantified in an approximate
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manner by the use of pH test strips. Tetramethylammonium hydroxide was used for this purpose,
as it pulled hydrogen atoms from methanol molecules. However, it would be preferable to find
an alternate chemical for this purpose for further experimentation, as TMAOH is highly toxic.
TMAOH and methoxide both pulled hydrogen atoms from the thiol groups of MPA. It was
assumed this thiol group was then attracted to the ZnS shell of the quantum dots to form a
disulfide bond. The other end of the MPA, the carboxylic acid tail, was assumed to be attracted
to the surface of the ZnO nanowires to form an ester linkage.

Illustration 4.1 Sketch of core-shell quantum dot capped in oleylamine ligand.
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Illustration 4.2 Sketch of core-shell quantum dot capped in MPA ligand.

The ligand exchange procedure is based on a method designed and utilized by Leschkies,
et al [4]. In the procedure detailed here and used for this project, quantum dots comprised of
different materials are used with a different initial capping ligand from those in the initial
procedure. The basic strategy of the ligand exchange remains the same, though portions and
procedures have been altered. The ligand exchange procedure used is as follows: 30 mL
methanol in 3-neck flask under N2 purge through condenser in parallel with water-filled flask
bubbler; allow to sit for ten minutes; introduce 0.4 mmol MPA, 0.043 g, to methanol in threeneck flask; using tetramethylammonium hydroxide, adjust methoxide ion concentration of
solution to correspond to a reading of 12.0 on a pH strip; heat solution to 55°C in mineral oil
bath for one hour while maintaining N2 purge; introduce 4 mL of 5 mg/mL InP-ZnS core-shell
quantum dots in toluene solution to the solution in the three-neck flask; while continuing N2
purge, increase temperature of oil bath to 65° C and allow 20 hours for ligand exchange; remove
flask from heated oil bath and allow to cool to room temperature; soak nanowire sample in
solution 4 hours; remove sample from solution and blow dry under N2. Unless otherwise noted,
this is the procedure used throughout this research. A bulleted list of this procedure is included in
the appendix. The following changes have been made from the initial ligand exchange
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procedure: the N2 purge flows through a condenser into three-neck flask in parallel with a flask
of water set up as a bubbler; the methanol degassing under vacuum was completely replaced by
simply allowing the methanol to sit in the three-neck flask at room temperature approximately
ten minutes under the nitrogen purge; the introduction of 5mg/mL InP-ZnS core-shell quantum
dots in toluene solution to the solution in the three-neck flask is doubled to 4 mL from 2 mL; the
MPA was increased from 0.2 mmol to 0.4 mmol, 0.043 g, to match the increase in quantum dots;
the pH of the solution was adjusted to 12.0, up from 11.4; ethyl acetate is no longer used to cause
precipitation prior to soaking nanowires in solution. These changes were made in response to
difficulties with the procedure stated in the cited paper. First, the methanol solution regularly
evaporated, both during degas and the twenty hour ligand exchange. The purpose of the
degassing was to attempt to remove as much water as possible from the methanol. The nitrogen
purge also serves a similar purpose in removing the air, as well as any humidity in the air.
Oxygen can act as a deterring agent in the ligand exchange process—under base conditions,
oxygen will oxidize the MPA to the disulfide—and must be minimized in order to maximize the
efficiency of the ligand exchange reaction. However, the evaporation of the methanol also
contributes to another problem. By constantly reducing the amount of methanol in the flask, it
becomes harder to control the amounts of other reagents that should be in the reaction to
maximize efficiency. The goal of the reaction is for the quantum dots to completely shed the
oleylamine ligand and to be completely coated in mercaptopropionic acid. The solution should
then have enough mercaptopropionic acid to ensure complete coating of the quantum dots.
Likewise, in order to maximize the potential for coating nanowires, the solution should be
saturated in quantum dots. The concentration of the solution is 20 mg of quantum dots in
approximately 35 mL of methanol solution; at the end of the 20 hour reaction period, slight
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quantum dot precipitation is noticed after agitation. The optimal pH test strip reading of the
solution, prior to quantum dot introduction was investigated, and found to be 12.0. A higher pH
corresponds to a larger number of methoxide ions in the methanol solution. Methoxide is a
strong base, which should pull hydrogen atoms from the mercaptopropionic acid in solution,
encouraging the formation of a bond between the mercaptopropionic acid and the ZnS shell of
the quantum dots. The high pH should also act as a catalyst in the formation of the bond between
the ZnO and the mercaptopropionic acid. Lastly, the effect of ethyl acetate as a precipitating
agent in the post-ligand exchange quantum dot in methanol solution on final nanowire coating
was investigated and found to reduce attached quantum dot on nanowire concentration.
Using the ligand exchange procedure stated above, several samples were prepared for
characterization. Samples prepared for characterization after ligand exchange were ZnO
nanowires grown on sapphire substrate using thermal CVD with zinc acetate seed. Samples have
been prepared using the stated procedure with 590 nm quantum dots, 650 nm quantum dots, and
a combination of both 590 and 650 nm quantum dots. These samples have been characterized via
confocal PL spectroscopy, confocal Raman spectroscopy, TEM EDS, and HRTEM. Figure 4.7
shows a combination of two confocal PL spectroscopic scans of a ZnO nanowire sample grown
on a sapphire substrate. One scan was performed using a 266 nm laser as a photoexcitation
source; the second scan was performed using a 532 nm laser. This was done to compare to the
similar combination of scans depicted in Figure 4.8, performed on the same sample after the
quantum dot attachment procedure had been performed. With 266 nm excitation, a
photoluminescence peak was seen at ~390 nm as expected corresponding to the ZnO nanowires.
Also as expected, for the bare nanowire sample depicted in Figure 4.7, no photoluminescence
peak was observed under 532 nm excitation; ZnO did not seem to absorb the sub-bandgap
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photoexcitation. However, for the nanowire sample sensitized with quantum dots, a peak was
observed under 532 nm excitation. Quantum dots with a photoexcitation peak corresponding to
650 nm were used, and the new peak in Figure 4.8 corresponds to the band gap of the attached
quantum dots. The appearance of a new photoluminescence peak corresponding to the
photoemission spectra of the quantum dots verifies the presence and optical properties of the
quantum dots after ligand exchange and attachment to the nanowire scaffold. The high intensity
of the quantum dot peak is evidence of the excellent optical properties of the quantum dots. Once
again, a 266 nm laser source and a 532 nm laser source were used for the individual scans that
comprise the figure.
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Figure 4.7 PL of as-grown nanowires.
Confocal PL spectroscopy scans of ZnO nanowires on sapphire substrate. Scan on left of graph
was performed using a 266 nm laser excitation source; scan on right of graph was performed
using a 532 nm laser excitation source.
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Figure 4.8 PL of quantum dot functionalized nanowires.
Confocal PL spectroscopy scans of 650 nm InP-ZnS core-shell quantum dot functionalized ZnO
nanowires on sapphire substrate. Scan on left of graph was performed using a 266 nm laser
excitation source; scan on right of graph was performed using a 532 nm laser excitation source.
Standard stated ligand exchange and quantum dot attachment procedure was used.

Figure 4.9 depicts the normalized confocal PL spectra excited by a 532 nm laser of
samples prepared using the updated procedure with 590 nm quantum dots, with 650 nm quantum
dots and with both 590 and 650 nm quantum dots. Each curve of Figure 4.9 has been normalized
to match peak intensity to emphasize spectral shape. It is currently believed that the higher
energy peaks of the sample which includes both sizes of quantum dots are quenched by the lower
energy peaks; as high energy photons are emitted, they are then captured by the lower energy
quantum dots and re-emitted at a lower energy, with excess energy lost to lattice vibrations, etc.
Figure 4.10 depicts the confocal Raman scan of a quantum dot functionalized nanowire sample
on sapphire substrate excited by a 532 nm laser source. The phonon peak present at 306 cm-1
corresponds to a TO (Γ) Raman mode of InP [21, 22] seen earlier in Figure 3.3; the presence of
this peak is further evidence of the presence and unaltered optical properties of the attached
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quantum dots. The phonon peaks corresponding to the ZnO nanowires remain present at 379.5
cm-1, 438.9 cm-1 and 577.7 cm-1. 650 nm photoemission peak quantum dots were attached to the
nanowire sample depicted in Figure 4.10.
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Figure 4.9 PL of various sized quantum dot functionalized nanowires.
Normalized confocal PL spectroscopy scan of expected 590, 650 and 590 & 650 nm photoemission peak InP-ZnS quantum dot functionalized ZnO nanowires. A 532 nm laser excitation
source was used. The standard stated ligand exchange and quantum dot attachment procedure
was used.
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Figure 4.10 Raman of quantum dot functionalized nanowires.
Confocal Raman spectroscopy scan of InP-ZnS quantum dot functionalized ZnO nanowires on
sapphire substrate. A 532 nm laser excitation source is used.

Figures 4.11 and 4.12 show TEM images of a ZnO nanowire with 650 nm InP-ZnS
quantum dots attached. The ligand exchange and quantum dot attachment procedure described
previously was used on a ZnO nanowire array grown on GaN thin film on sapphire substrate.
The nanowire sample was removed from the substrate after quantum dot attachment. The sample
was submerged in ethanol and sonicated. A dense monolayer of nanoparticles can be seen along
the surface of the nanowire. Many of the nanoparticles can be verified as quantum dots via lattice
matching. The interplanar distance visible in the nanoparticles corresponds to the expected value
of 5.86 Å for InP lattice planes. Figure 4.11 features black circles highlighting such nanoparticles
for which the planes are easily recognized, one of which being the focus of the inlaid image.
Figure 4.12 features a nanowire from the same sample, with a white arrow indicating the
direction of the c-plane, which is the direction of nanowire growth. As can be seen, the
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monolayer of nanoparticles is dense both along the length and top of the nanowire, indicating
that MPA-capped quantum dots adhere well both to a- and to c-plane surfaces of ZnO nanowires.
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Figure 4.11 TEM of quantum dot functionalized nanowire.
TEM image of ZnO nanowire removed from nanowire array sample treated with quantum dot
attachment procedure. Black circles added to indicate attached InP-ZnS quantum dots, verified
via lattice matching. Inlay displays a subsection of image under greater zoom to emphasize
visible InP lattice planes.
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Figure 4.12 TEM of quantum dot functionalized nanowire.
TEM image of ZnO nanowire removed from nanowire array sample treated with quantum dot
attachment procedure. White arrow and text “ZnO [0001]” added to indicate direction of growth
during nanowire synthesis. Notice presence of quantum dots along both a- and c-plane surfaces
of nanowire.

Figure 4.13 depicts an HRTEM image of a ZnO nanowire with 650 nm InP-ZnS
nanoparticles attached. Ligand exchange and quantum dot attachment procedure was used on a
ZnO nanowire array grown on sapphire substrate. The procedure varied from the procedure
stated earlier, using half the suggested concentration of quantum dots and mercaptopropionic
acid. Ligand exchange procedure was performed at pH test strip reading of approximately 11.3.
The nanowire sample was removed from the substrate after quantum dot attachment. The sample
was submerged in ethanol and sonicated. Either a single large quantum dot or a group of
quantum dots can be seen attached to the surface of the nanowire. Lattice planes can be seen
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within both the nanowire and the attached nanoparticle. The planes in the nanowire can be
verified as corresponding to the lattice spacing of ZnO, while a portion of the planes in the
nanoparticle can be verified as corresponding to the lattice spacing of InP.

Figure 4.13 HRTEM of quantum dot functionalized nanowire.
HRTEM image of ZnO nanowire removed from nanowire array sample treated with quantum dot
attachment procedure. Lattice planes can be seen in both nanowire, and in attached quantum dot.
Black scale bar added manually, subsequent to image being captured.

Figure 4.14 depicts a STEM image of a ZnO nanowire with 650 nm InP-ZnS
nanoparticles attached. The nanowire and attached nanoparticles correspond to the same sample
and a similar nanowire and nanoparticle as that displayed in Figure 4.13. EDS imaging was
performed on the nanowire, centered on the location of a nanoparticle. Concentrations of Indium,
Phosphorus, and Sulfur can all be seen in the EDS mapping in the area of the nanoparticle. The
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specific spatial presence of indium and phosphorus verifies the attached nanoparticle is
comprised of quantum dots.

Figure 4.14 STEM and EDS of quantum dot functionalized nanowire.
STEM and EDS image of ZnO nanowire removed from nanowire array sample treated with
quantum dot attachment procedure. EDS imaging centered on attached InP-ZnS quantum dot.
Inlay depicts concentration of In, P, and S within EDS image. Brighter color corresponds to
greater element concentration.

Figure 4.15 shows two UV-Vis transmission spectra. The red curve represents the
transmission spectrum of quantum dot functionalized nanowires. The quantum dots attached to
the nanowires have an emission peak at 590 nm. A corresponding trough can be seen at
approximately 590 nm in the transmission spectrum. This shows the efficiency of quantum dots
as a sensitizing absorption medium within photovoltaic architectures. Despite only forming a
thin monolayer on the nanowires, the quantum dot sensitization layer absorbed efficiently
enough to reduce near-band-gap photon transmission by approximately 75%. The black curve,
included for comparison, represents the transmission spectrum of as-grown nanowires. This
represents a prime utilization of the excellent optical properties of quantum dots.
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Figure 4.15 Transmission of quantum dot functionalized nanowires.
UV-Vis transmission spectroscopy scans comparing as-grown nanowires to quantum dot
functionalized nanowires. The quantum dots attached to the nanowires have a 590 nm emission
peak.

The last three figures of the ligand exchange and quantum dot attachment section use PL
spectroscopy and the relative intensities of quantum dot peaks to determine the optimal
parameters for the procedures. Figures 4.16 through 4.18 depict several of the quantum dot
samples’ confocal PL spectra organized by different properties. The spectra are presented in
logarithmic scale. Intensity values are adjusted based on the ND filter that was used during each
scan to account for varied intensities of light incident upon the samples throughout various scans.
Figure 4.16 displays the spectra organized by the specific quantum dots attached to each sample:
526 nm, 590 nm, 590 nm, 650 nm, and both 590 and 650 nm. Figure 4.17 displays the spectra
organized by use of ethyl acetate or no use of ethyl acetate to precipitate the quantum dots after
the ligand exchange prior the quantum dot attachment to ZnO nanowire samples. It is shown to
have little or no positive effect, with the trend showing less intensity generally when using ethyl
41

acetate. Lastly, Figure 4.18 shows the spectra organized by the pH test strip reading of the
quantum dot ligand exchange and attachment solution prior to the addition of quantum dots. A
pH test strip reading corresponding to 12.0 appears to be optimal to maximize quantum dot
attachment as it corresponds to PL spectroscopy.
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Figure 4.16 PL of various sized quantum dot functionalized nanowires.
Confocal PL spectroscopy scans of InP-ZnS quantum dot functionalized ZnO nanowire samples
organized by the quantum dots used to functionalize the nanowires. Intensities have been
adjusted only to compensate for ND filters. The peaks to the left of 510 nm and to the right of
710 nm correspond to the ZnO nanowires.
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Figure 4.17 PL of forced- and non- precipitated quantum dot attachment.
Confocal PL spectroscopy scans of InP-ZnS quantum dot functionalized ZnO nanowire samples
organized by the use or lack of use of ethyl acetate in the quantum dot attachment procedure.
Intensities have been adjusted only to compensate for ND filters. The peaks to the left of 510 nm
and to the right of 710 nm correspond to the ZnO nanowires.
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Figure 4.18 PL of various acidity solution quantum dot attachment.
Confocal PL spectroscopy scans of InP-ZnS quantum dot functionalized ZnO nanowire samples
organized by the pH test strip reading of the quantum dot ligand exchange and attachment
solution prior to the introduction of quantum dots. Intensities have been adjusted only to
compensate for ND filters. The peaks to the left of 510 nm and to the right of 710 nm correspond
to the ZnO nanowires.

C. Poly(3-hexylthiophene) Deposition
P3HT is deposited in a trichlorobenzene solution at 70° C via drop coating method.
Several magnetized holders have been devised to allow selective placement of P3HT. Holders
make use of O-rings to make a seal through which P3HT will not flow to undesired areas of
samples; unfortunately, capillary action due to nanowires can still present difficulties. The
design of the holders is included in the appendix for reference. Trichlorobenzene is allowed to
dry under vacuum. After sufficient thickness has been deposited, P3HT is annealed under
vacuum at 200° C for two hours. Due to the efficiency of drop coating while in solution of
trichlorobenzene, P3HT thoroughly fills within the nanowire scaffold and has excellent electrical
and optical properties after annealing. Figures 4.19 and 4.20 show SEM images of cross
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sectional views of P3HT deposited onto nanowires. Figure 4.19 shows P3HT filling the entire
cross section of the nanowire array with poorly-aligned long nanowires. Figure 4.20 shows
thorough infiltration into a highly dense nanowire array, with very few gaps and cavities. The
distances measured and depicted in Figure 4.20 were added to the image using SEM control
software. The even-texture of the plane of P3HT is also evident in Figure 4.20; this is important
to maintain optimized required free carrier drift distance. The sample in Figure 4.19 has not been
annealed; the sample in Figure 4.20 has been annealed.
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Figure 4.19 SEM of non-annealed P3HT matrix in nanowire scaffold.
Cross-sectional SEM image of drop coated P3HT matrix embedded into an array of ZnO
nanowires on sapphire substrate. Section of P3HT and nanowires has been scraped away using a
razor blade to expose the inner matrix for cross-sectional view.

Figure 4.20 SEM of annealed P3HT matrix in nanowire scaffold.
Cross-sectional SEM image of drop coated and annealed P3HT matrix embedding an array of
ZnO nanowires on sapphire substrate. Section of substrate, P3HT, and nanowires has been
scraped away using a razor blade to expose the inner matrix for cross-section view.
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Some of the primary disadvantages of P3HT are its resistivity and poor electron and hole
mobilities. Annealing is one procedure that has been shown to improve these characteristics,
particularly those of regio-regular P3HT. Several temperatures and conditions were attempted to
find an optimized annealing procedure. Results had a relatively large variance from sample to
sample; however, a 2 hour anneal in vacuum in a tube furnace set to 200° C seemed to regularly
provide the best results. Figure 4.21 shows current-voltage characteristics under illumination for
a P3HT on an n-doped GaN thin-film on sapphire sample both before and after annealing. As can
be seen, an approximately half-order of magnitude increase can be seen in conductivity after
annealing. Eutectic was required to prevent a Schottky effect between probe and GaN, however,
the p-n junction effect of the P3HT on the n-doped GaN thin-film was as expected. The higher
current associated with the annealed sample at higher magnitude voltages corresponds to a
higher conductivity.
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Figure 4.21 IV of P3HT on GaN.
Device IV curves of a device sample of P3HT deposited onto an n-doped GaN thin-film coated
onto a sapphire substrate. IV curves were taken prior to and following annealing.
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Experiments with plasma etching were attempted to planarize the top surface of P3HT, in
order to optimize the interface between P3HT and deposited contacts; however, insufficient data
was completed to report conclusively. Plasma etch planarization remains a potential viable tool
for providing a more uniform back plane for Au contacts, to minimize required hole transport
distance. The Au deposition is performed using a BioRad Gold Sputter Coater. For the
deposition, a voltage of approximately 2kV with a current of 25mA is used with the sample
being held at a pressure of approximately 10-4 bar.
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CHAPTER 5
DEVICE

The advantages offered by the combination of materials and structures utilized
throughout the design and fabrication of the device may be largely illustrated via three
measurements. One of the most surprising and useful phenomena seen may be observed using
PL spectroscopy. When P3HT is with a quantum dot functionalized nanowire array, the PL peaks
lose intensity compared to a non-functionalized nanowire array. Figure 5.1 shows the PL spectra
of the architecture as each element is added. The plain nanowires had no PL peak corresponding
to 532 nm excitation. However, the quantum dots and the P3HT both absorbed the 532 nm laser
excitation, with peaks observed at approximately 650 nm corresponding to quantum dots and
approximately 630 nm and 710 nm corresponding to P3HT absorption and emission. The
photoluminescence peak of quantum dots and the overlapping photoluminescence peak of P3HT
are both more intense than the corresponding photoluminescence peak of P3HT with embedded
quantum dots. This suggests that radiative recombination is actually reduced within the device by
the overlapping absorption spectra and energy levels of P3HT and the quantum dots. This is a
similar effect to that noticed in study done with P3HT and an ITO interface with injected charge
carriers provided by poly(4-vinylphenol) [29], as well as a study done with P3HT with
embedded carbon nanotubes [30]. This apparent PL quenching is actually a very positive effect
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for ultimate device performance as an optimized solar cell seeks to minimize the loss of energy
through radiative recombination.
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Figure 5.1 PL of device and device structural elements.
Confocal PL spectroscopy scans of various stages of device integration. All scans taken using
532 nm laser excitation source and approximately equal illumination intensity and filtering.
Notice the reduced intensity of the photoluminescence peaks at approximately 630 nm and 650
nm when quantum dots and P3HT are utilized within the same device structure. Spectra are not
normalized.

The effectiveness of quantum dots as an absorption medium within such a device
structure may be seen with UV-Vis absorption and transmission spectroscopy. Figure 5.2 shows
the UV-vis transmission spectra of the architecture as each element is added. The quantum dots
utilized in Figure 5.2 are tuned to a band gap of 590 nm; however, despite the relatively low
wavelength seen here, quantum dots are nonetheless shown to be an effective option for
extending the absorption range of hybrid solar cells into the infrared spectrum. The spectra cover
the solar spectrum well, with ZnO efficiently absorbing around 3.3-3.4 eV, P3HT absorbing as
low as 2.0 to 1.6 eV, and quantum dots tunable via size to efficiently harvest from between the
absorption spectra of ZnO and P3HT even into the infrared range. As the thickness of the device
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increases, the transmission percentage in the range outside the efficient absorption wavelength
range decreases, likely due to scattering.
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Figure 5.2 Transmission of device and device structural elements.
UV-Vis transmission spectroscopy scans of various stages of device integration. The quantum
dots used in both quantum dot functionalized samples have a 590 nm emission peak.

Ultimately, the effect of any design decision for photovoltaics must be spearheaded by an
improvement in efficiency. Electrical measurements show the effect of implementing a quantum
dot absorption layer into the hybrid device structure. Figure 5.3 depicts device IV curves for two
samples. The two samples were fabricated as well-aligned ZnO nanowire arrays on ZnAlO
substrates. 650 nm quantum dots were then attached to one of the samples. P3HT was drop
coated onto the center of both samples, leaving the corners to be probed. Lastly, the P3HT was
annealed. As can be seen, both samples have differently shaped IV curves. However, both
samples also respond to light by increasing free carriers, resulting in less impedance,
representing p-n junctions, and producing a small photovoltage. Curves with lights off are
compared to the curves taken with the lights on of the same sample. The curve of the quantum
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dot sensitized sample shifts considerably further upon illumination, producing a photovoltage of
approximately 0.75 V. This is evidence of the improved power efficiency of the quantum dot
sensitized sample. Illustration 5.1 depicts a sketch of the electrical measurement probe scheme:
the positive bias probe was placed on the gold contacts sputtered onto the P3HT matrix; the
negative bias probe was placed on the ZnAlO thin film coating on the substrate.
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Figure 5.3 IV of device and device structural elements.
Device IV curves of a device sample with quantum dots and a device sample without quantum
dots. Device IV curves are shown both under illumination and in dark.

Illustration 5.1 Sketch of device electrical measurement schematic.
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CHAPTER 6
CONCLUSION

A nanostructured, hybrid photovoltaic device architecture has been described. Processes
for fabrication and characterization have been designed and tested. ZnO nanowires are grown on
transparent, conducting substrates via thermal CVD, and characterized via PL spectroscopy,
Raman spectroscopy, SEM, and TEM. A quantum dot ligand exchange and attachment
procedure has been defined and optimized. Quantum dot attachment is characterized via PL
spectroscopy, Raman spectroscopy, TEM, and EDS. An effective method of drop coating and
annealing a P3HT polymer matrix to thoroughly fill a dense nanowire array has been designed
and optimized. Complete device performance has been evaluated via PL spectroscopy, UV-Vis
spectroscopy, and electrical measurements. This device architecture has been shown to offer
several key benefits. The actual architecture makes use of structures that would work well with
many different materials and fabrication techniques. For instance, if the fabrication procedures
were changed to use a solution-growth method for the nanowires, the entire device could be
produced without exceeding processing temperatures of 200° C. Also, the capability of using a
dense monolayer of quantum dots as an absorbing layer not only opens up the possibility to
selectively target specific regions of the solar spectrum, but also allows for the strategic
placement of the primary absorption medium largely within a prime position for effective
exciton disassociation and free carrier transport. The nanowire array maximizes surface area,
specifically important for a thin quantum dot monolayer, for absorption mediums while still
allowing for efficient free carrier transport pathways. A polymer hole-transport matrix allows for
simple, effective deposition such as the drop coat method, and a non-caustic environment for
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quantum dots. This is particularly important due to the capability to sensitize nanowire scaffolds
with a dense quantum dot monolayer. P3HT specifically offers the advantage of being an
excellent hole-trap medium, integral to minimize undesirable recombination avenues, as was
seen in the photoluminescence quenching of the paired quantum dots and P3HT. The fabrication
and characterization of a high-efficiency, low-cost hybrid nanostructured photovoltaic
architecture has been demonstrated.
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APPENDIX
Ligand Exchange and Quantum Dot Attachment Procedure:












Pour 30 mL methanol into a 3-neck flask under the flow of N2 through a condenser and waterfilled flask bubbler.
Allow to purge for 10 minutes.
Add 0.4 mmol MPA (0.043 g) to the 3-neck flask.
Add chemical to ionize methanol molecules into methoxide ions; TMAOH was used, preferably
use something less toxic. Using a clean pipette, deposit a drop of methanol solution onto a pH
test strip. Continue to do this until the color of the pH test strip corresponds to a pH of 12.0.
Heat the solution to 55° C for one hour using a mineral oil bath.
Add 4 mL of 5 mg/mL InP-ZnS core-shell quantum dots in toluene solution to the 3-neck flask.
Increase the temperature of the oil bath to 65° C and allow 20 hours for the ligand exchange.
Cover the 3-neck flask with an opaque material to prevent illumination of the solution.
Remove the 3-neck flask from the oil bath and allow the solution to cool to room temperature.
The N2 purge can be removed after the solution has cooled.
Shake the solution, then allow a nanowire sample to soak in the solution for 4 hours.
Remove the sample from the solution and blow dry under N2.

Vials of InP-ZnS core-shell quantum dots in solution of toluene purchased from NN-Labs. All
three vials contain the same materials; however, based on the quantum dot size, the coloration of
the solution changes.
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Teflon holder designed to selectively deposit P3HT onto samples for electrical measurement
probing onto substrate. Light blue cylinders represent magnets. Clips used to hold holder and
sample in place with viton o-ring used to create seal on sample surface.
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