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Abstract

Lead selenide and lead selenide/lead sulfide core/shell nanocrystals were investigated for
use in near infrared photodetectors. A colloidal synthesis method was used for both the core and
core/shell configurations. The lead sulfide shell was examined in order to mitigate oxidation of
the nanoparticle surface. Absorbance and photoluminescence spectra were measured at room
temperature and 77 K, respectively. Transmission electron microscopy images were also
obtained to confirm crystallography and size. Bulk lead selenide was simulated in WIEN2k
utilizing the linear-augmented plane wave method of solving density functional theory to better
understand the electronic structure of PbSe. The crystal structure, electron density, band
structure and density of states are presented and discussed. The calculations correctly predicted

a direct band gap at the L point in the Brillouin zone. The band gap calculated was 0.40 eV.
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Chapter 1 Introduction

1.1 Motivation

As the world’s population and the use of technology grows, the demand for energy is
increasing at an accelerated rate. Renewable energy, such as wind, solar and thermal energy, is
the ideal long-term solution. The federal government has several initiatives to encourage the
growth of this sector over the coming decades. Outlined in the 2013 Climate Action Plan [1],
these goals include increasing the number of alternative energy facilities, updating our nation’s
energy infrastructure and funding research focused on relieving the strain that pollution puts on
the environment. Research into alternative energy is also necessary to increase the prominence
of renewable resources in the energy sector. Investigation in the field is focused on ways to
improve the efficiency and reduce the production cost of these devices. These objectives are
important because in order to move away from fossil fuels, alternative energy must be financially
advantageous.

With this intention, research into photovoltaics has grown and diversified. Novel
materials and devices incorporating nanostructures have yielded improvements in both efficiency
and cost. However, the maximum theoretical efficiencies have not yet been met [2].
Thermoelectric devices are also of interest due to their potential to harvest waste heat. They can
be used in cars, power plants and spacecraft to absorb excessive heat and convert it to usable
electricity. NASA utilized radioisotope thermoelectric generators for several missions including

Voyager 1 and 2, Cassini, and Pioneer 10 and 11 [3]. One way to advance photovoltaic and



thermoelectric devices is to improve the material properties. This can be done through changing
the material composition, structure, and size.

In previous decades, nanostructures have received concentrated research focus due to
their unique properties. Different nanostructures include nanorods, nanowires and quantum dots.
Nanoparticles exhibit discrete energy levels due to the quantum size effect. Carriers are spatially
confined in these nano-scale structures, yielding unique properties drastically different from the
corresponding bulk material. This allows band gap engineering through size adjustments of the
nanoparticles. The nanostructures can then be made to operate within a specific range for
specific applications. The synthesis of nanoparticles can be achieved with a solution based
synthesis method which is lower in cost than vacuum based methods, such as chemical vapor
deposition (CVD), metal organic chemical vapor deposition (MOCVD) and molecular beam
epitaxy (MBE). Solution based synthesis methods can be scaled up to achieve the mass
quantities needed for commercial use more easily than vacuum techniques.

Group 1V-VI semiconductors have been investigated for use in biomarkers, photovoltaic
and thermoelectric devices. The compounds PbSe and PbS have been studied extensively due to
their narrow band gap. Nanostructures composed of these compounds reveal distinctive
properties that make them attractive for device applications. Specifically, the large Bohr exciton
radius found in these materials allow access to the extreme quantum confinement regime. Also,
these materials operate in the near-infrared to visible range. The IR spectrum is technically
important in applications. Infrared light is crucial to optical communication, solar power, and
some biomedical imaging and therapy. Improvements in materials that operate in this range
would affect a wide variety of technical fields, such as communications, medical imaging, and

photovoltaics. The potential of these materials continues to drive research in this field.



Lead chalcogenide nanocrystals, which include PbSe and PbS, offer unique properties
that have yet to be fully understood. Computational simulations offer a relatively inexpensive
way to explore material properties of novel nanostructures. This work will further the knowledge
of these materials through both experimental study and theoretical simulation of PbSe. WIEN2k
is a powerful simulation tool to investigate the properties of nanostructures. Expanding
knowledge of lead chalcogenides through study of the structural, electrical and optical properties
would lead to improvements in various fields due to the prevalent use of these materials. The
efficiency of photovoltaic and thermoelectric devices would improve and thus become more
viable in the marketplace.

The further development and understanding of materials is necessary for the
advancement of technology. Lead chalcogenides specifically have the potential to improve upon
existing alternative energy harvesting methods. This can improve the efficiency of photovoltaic
and thermoelectric devices which is important for the adoption of alternative energy on a large
scale. Also, the solution-based synthesis process is an inexpensive and easily scalable process.
This and increased efficiency are two factors that contribute to moving away from fossil fuels to
more environmentally friendly energy sources. Alternative energy must be financially
advantageous in order for the free market to make the major transition away from fossil fuels that
is needed. As a society, moving towards alternative energy is a necessary change. The current
use of fossil fuels is responsible for pollutants that are damaging to the environment. Making the
transformation to renewable resources would reduce output of pollutants, and thereby reduce the
damage to ecosystems. Another advantage is that renewable resources will never be exhausted.
This is an industry that will only grow in the long-term and is well worth the investment. It

would also create high-tech jobs to sustain and grow this budding industry.



1.2 Background

The prevalence of nanostructures has grown in recent decades. The applications of
nanostructures spans solar cell design [4]-[8], light emitting diodes [9]-[11], thermoelectric
devices [12]-[15], surface coatings [16]-[20], and biomedical applications (including imaging,
cancer treatment, and drug delivery) [21]-[25]. The size-tunable band gap of nanostructures
provides a level of control over material properties, and thus is quite attractive for many

applications.

1.2.1 Nanostructures

Semiconductor nanostructures are a topic of interest due to their unique properties and
advantages over three dimensional, or bulk, materials. There are three main types of
nanostructures: quantum wells, quantum wires, and quantum dots. Quantum wells are dubbed a
two dimensional system due to fact that the material, when bound in a plane, has only two
degrees of freedom. Quantum wires, or nanowires, have one degree of freedom and are therefore
considered a one dimensional system. Bound in all three dimensions, quantum dots are zero
dimensional. The reduction in the degree of freedom has an effect on the distribution of the
density of states, which is the number of states per unit energy [26]. Figure 1.1 illustrates the
density of states as a function of energy for three, two, one, and zero dimensional nanostructures.
As the degree of spatial confinement increases, the density of states becomes discretized rather

than continuous.
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Figure 1.1. The electronic density of states as a function of energy for four different configurations:
zero, one, two, and three dimensional.

In bulk material, the valence and conduction bands are continuous. Free electrons and
holes are permitted to move about within the conduction and valence band, respectively. When
the material is spatially restricted, as in nanostructures, the carriers are confined like a particle in
a potential box. Both the bulk energy bands and the discrete energy levels found in
nanostructures are illustrated in Figure 1.2. When an electron is excited from the valence band to
conduction band, a hole is left behind in the valence band. This electron-hole pair is known as
an exciton, which is treated as a quasiparticle. This transition is an interband transition in both
bulk and quantum structures. In nanostructures, there are selection rules for which interband
transitions are allowed. Transitions are restricted between energy levels of equivalent parity.
Intersubband transitions are labeled for the quantum structure and occur within either band. Due
to discrete energy levels, the band gap of the material increases as the size of nanostructure
decreases.

Quantum confinement occurs when the size of the nanostructure approaches the exciton

Bohr radius associated with the material. An exciton is physically modeled after the Bohr model
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Figure 1.2. The band diagrams of bulk and quantum structures are shown with the interband and

intersubband transitions labeled.

of the hydrogen atom, and therefore has analogous properties. At this scale, the charge carriers

are spatially confined. The lesser the degree of freedom for a structure, the stronger the quantum

confinement effect in the material because the carriers are confined in more dimensions.

Extreme quantum confinement is defined by the condition that the ratio of the radius of the

nanocrystal to the exciton Bohr radius of the material is much less than one. The exciton Bohr

radius for bulk material can be calculated by using Equation 1.1



mye
H*

ay (Equation 1.1)

Aeox =

where a,, is the exciton Bohr radius, m, is the free electron mass, ¢ is the dielectric constant, ay
is the Bohr radius of the hydrogen atom (0.5293 A) and u* is the reduced effective mass of the
electron and hole. When the exciton Bohr radius of a material is large, the extreme quantum
confinement regime can be reached with larger nanoparticles.

At this scale, the energy levels become discrete rather than continuous. Therefore, the
band gap is directly dependent on the size of the nanostructure. This allows the band gap to be
tuned for specific applications through size adjustments in the synthesis process. The effective
band gap is proportional to one over the square of the diameter of the nanostructure, as expressed

in Equation 1.2,

T2 h?
E; = E; + <W> (Equation 1.2)

where E; is the effective band gap, E;; is the bulk band gap, # is Planck’s constant, u*is the
reduced effective mass and d is the diameter of the nanocrystal. The reduced effective mass is a
combination of the electron effective mass, my, and hole effective mass, my,, as shown in

Equation 1.3.

! ! + ! (Equation 1.3)
T " quation 1.
U me my

Quantum dot composition and the corresponding band structure are shown in Figure 1.3
[27]. A simple core structure exhibits a level band composition. The quasi-type-Il core/shell
configuration contains a step in the energy bands due to the difference in the energy bands of the
core and shell materials. Also, the band alignment indicates that the valence band maximum for
the shell material is greater than that of the core. A core/alloyed shell, or quasi-type-I1I structure,

has a smoothed step due to the smooth transition between the core and shell. The gradual change
7



of the lattice constant reduces the effects of lattice mismatch. The band gap is easily tuned through
size adjustments of the nanocrystals. As the width of the well decreases, the effective band gap
increases. This allows a material to be functional within a spectral range, from near IR to VIS.
The corresponding band structure and electron and hole wave functions are also sketched in the

Figure 1.3.

core/shell  core/alloy-shell
core quasi-type-II  quasi-type-II

_o ® »

—

LI TL

Figure 1.3. A schematic shows how the composition of the nanocrystals changes the band structure
of the material [27].

The effective band gap of quantum structures is directly affected by the dimensions of the
material. This dependence enables a device to operate within a wide spectral range, from
ultraviolet to infrared. Consequently, nanocrystals are suitable for a wide variety of applications,

such as photothermal therapy [28], light emitting diodes [9], solar cells [29], and photodetectors



[30]. Nanostructures enable devices to operate in the technologically important infrared region
of the spectrum. Infrared light is widely used in applications, such as biomedical imaging and
therapy [31][32], solar power harvesting [33], and optical communications [34].

There are a variety of methods to grow nanomaterials. Chemical vapor deposition (CVD)
and metal-organic chemical vapor deposition (MOCVD) are widely used to grow very thin films.
The instrumentation enables the deposition of one atomic layer at a time, which allows for higher
precision. Molecular Beam Epitaxy (MBE) is a commonly used growth method because of its
versatility. High quality nanostructures of two, one, and zero dimensions can be formed by
MBE. However, the instrumentation necessary is quite expensive and slow deposition rates must
be used. Solution-based synthesis procedures can be performed at a much lower cost. Colloidal
growth of nanocrystals is a common practice because of the reduced cost and scalability of the
procedure. This wet chemical method of growth has repeatedly yielded uniform size
distributions. The optical properties of the nanocrystals depend on the size, which can be easily
tuned in solution based growth methods, to operate in a desired spectral range for a specific
application. Their size is tuned through altering the injection temperature and/or growth time.
With a solution-based synthesis process, nanocrystals can be as small as a few nanometers in
diameter, which is necessary to reach the extreme quantum confinement regime. For these

reasons, a colloidal synthesis procedure was selected for this project.

1.2.2 Pb Compounds

Lead chalcogenides have unique properties, specifically PbS and PbSe. These

semiconductors have a rock salt crystal structure, as seen in Figure 1.4, and a direct band gap at



the L-point. Lead salt compounds exhibit a large exciton Bohr radius, which makes reaching the
extreme quantum confinement regime possible [35]. These materials are also characterized by a
large dielectric constant [36] and a small electron and hole effective mass [37]. The absorbance
spectrum ranges from the near infrared to visible range. This allows the material to operate in
the technologically important infrared region. Optical communication [34], photovoltaic
devices, [4] and some biomedical imaging and therapies [31], [32] operate in the infrared regime.

These materials are also fit for use in thermoelectric devices to harvest waste heat.

Figure 1.4. The crystal structure of PbSe is zinc blende.

The large exciton Bohr radius associated with these lead salt compounds, especially of
PbSe and PbTe as can be seen in Table 1.1, enables access to the extreme quantum confinement

regime. This regime is defined by the condition that the ratio of the radius of the nanocrystal to

10



Table 1.1. The band gap (at room temperature) in eV, exciton Bohr radius in nm, and the effective
mass for holes and electrons are listed for the three main lead salt compounds [17].

Band Gap Exciton Bohr Effective Mass Effective Mass
T =300K Radius of Hole of Electron
(eV) (nm)

PbS 0.420 20 0.075mo 0.080mo

PbSe 0.278 46 0.068mo 0.040mo

PbTe 0.311 46 0.022mo 0.024mg

the exciton Bohr radius of the material is much less than one. Ratios down to 0.04 were reported
utilizing lead salt compounds, while CdSe quantum dot studies have reached 0.16 [35]. The
band gaps at room temperature and effective masses of the electron and hole are also included in
Table 1.1. The band diagram for PbSe and PDbS is illustrated in Figure 1.5. The band alignment
of the core and shell materials, PbSe and PbS, result in a type Il configuration. However, since
the valence band maximums are so proximate, the carrier wave functions extend from the core
into the shell material for sufficiently small nanocrystals (< 10 nm) [38].

A recurring problem with lead selenide nanomaterials is surface instability [39], [40].
The nanocrystals quickly oxidize in atmosphere and this greatly increases the conductivity of the
material making it inappropriate for the proposed applications. Oxidation of the surface of lead
chalcogenide nanomaterials results in a blue shift in the absorbance and emission spectra. This is
due to the fact that the effective core of the nanocrystals shrinks as the surface oxidizes, which
increases the quantum confinement [39]. Passivation of the surface is necessary to avoid
excessive oxidation. One way to mitigate this negative effect is to grow a protective shell around
the core material. This is why the PbSe/PbS core/shell configuration is of special interest.
Selenium is a better reducing agent when compared to sulfur, meaning that PbS is more resistant

to oxidation than PbSe [41]. A ligand exchange can also passivate the surface of the

11



nanomaterials. The ligand present in the core at synthesis is oelic acid. This organic ligand can
be exchanged for a shorter inorganic ligand that moderately increases the conductivity of the

material, making it suitable for electronic applications.

E (CV) 4

- 0.42 eV
PbS PbSe 0.28 eV

v

Figure 1.5. The band diagram for PbSe and PDbS is shown with energy in eV.

12



Chapter 2 Experimental Methods

The wet chemical synthesis procedures used in this work are outlined in this chapter.
Characterization of these materials include absorbance, photoluminescence, and TEM

spectroscopy. The simulation techniques utilized are discussed as well.

2.1 Colloidal Synthesis

The synthesis procedures are detailed in this section for both the core and core/shell
structures. Both compounds were grown by a wet chemical synthesis method on an identical
setup shown in Figure 2.1. A core/alloy shell configuration was attempted and the synthesis
procedure followed is outlined in this section. The major components of the setup are labeled by
red letters in the figure. Point A labels the incoming nitrogen flow which flows through the
three-neck flask where the chemical reaction took place. Label B represents the temperature
probe which sat inside a thermocouple well containing ODE in order to read an accurate
temperature of the solution. Label C indicates the stirring apparatus, which operated through an
electromagnetic field interacting with a magnetic stirrer bar. The heat mantle is labeled as D and
was controlled by the temperature controller labeled as E.

Colloidal synthesis was utilized for the growth of both the PbSe and PbSe/PbS
nanocrystals. Generally, a metal precursor is prepared by dissolving the metal in an organic
solvent. The solution is then heated and stirred in a flask under an inert gas to a desired
temperature. A second solution containing the remaining reagents is then injected into the metal

precursor. The quantum dots are then formed through nucleation. The temperature at which

13
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Figure 2.1. The picture of the set up used for all synthesis procedures was taken during synthesis
on 04/28/2016 by Haley Morris.

injection occurs and the duration of growth determine the size of the nanocrystals. After the
desired growth time, the solution is then quenched until it reaches room temperature in order to
stop nucleation. Quenching is done by submerging the flask in water until the solution reaches
room temperature. The solution is then purified to remove the excess chemicals that remain after
the reaction is complete.

Wet chemical synthesis procedures are much more cost effective than vacuum synthesis
techniques, such as CVD, MOCVD and MBE. A simple Schlenck line set up, as shown in
Figure 2.1, is all the equipment that is required to perform synthesis. All of this equipment is

relatively inexpensive when compared to the complex system required for vacuum techniques.
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Deposition of colloidally grown nanocrystals can be done through various methods, such as drop
casting, spin coating and dip coating. These techniques are not as precise as the vacuum
techniques listed previously, which provide a high level of control by depositing single layers of
atoms at a time. Colloidal growth procedures can be easily scaled up to meet high quotas for

commercial use.

2.1.1 PbSe Synthesis Procedure

The PbSe nanocrystals were grown via a wet chemical synthesis method based upon
previous work [42]. The selenium precursor was produced by dissolving 0.315 g of selenium
powder in a solution of 30 uL of diphenylphosphine and 4 mL of n-trioctylphosphine (TOP).
This mixture was heated to 60 °C and left to stir overnight. The lead precursor was prepared in a
50 mL three-neck flask. In this flask, 0.3 g of lead oxide was dissolved in 5.3 mL of 1-
octadecene and 1.052 mL of oleic acid. The flask was secured on a Schlenk line under nitrogen
flow and heated to 140 °C. The solution was stirred at this temperature for one hour to ensure a
homogeneous solution. The selenium precursor was then injected into the three-neck flask. The
solution was left for 20 s to grow the nanocrystals, after which the flask was quenched until it
reached room temperature. The nanocrystals were purified four times by adding an excessive
amount of acetone and then centrifuged at 6000 rpm for 5 minutes. For example, a 50 mL
centrifugation tube contained, on average, 5 mL of the nanocrystal solution, while the remaining
45 mL was filled with acetone. The growth time was varied to investigate the effects on band

structure.
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2.1.2 PbSe/PbS Synthesis Procedure

The PbSe/PbS core/shell nanocrystals were grown by a hot-injection method similar to
prior research [43]. Approximately 200 mg of PbSe core nanocrystals were dispersed in
chloroform, mixed with 1.4 mL of TOP and heated to 60 °C in a glove box. This solution was
left under nitrogen atmosphere until all of the chloroform had evaporated. The lead acetate
precursor was prepared in a three neck flask on a Schlenk line under nitrogen flow. The 0.2 g of
lead acetate was dissolved in a mixture of 2 mL of diphenyl ether (PhEt), 1.5 mL of oleic acid
and 8 mL of TOP. This solution was heated to 120 °C for an hour and then cooled to 45 °C. The
sulfur precursor was prepared by dissolving 0.10 g of sulfur in 0.3 mL of TOP. Once the sulfur
was dissolved, the mixture was added to the PbSe core nanocrystal solution. This new reagent
solution was mixed with the lead acetate precursor. Another three-neck flask was prepared on a
Schlenk line with 10 mL of PhEt. The PhEt was heated to 180 °C under nitrogen flow. The
reagent solution was then injected into the PhEt mother solution and left to grow for 15 minutes.
According to prior work [43], each 15 minute increment corresponds to one monolayer of shell
growth. After the desired growth time elapsed, the solution was quenched until it reached room

temperature. The synthesized nanocrystals were purified in an excess of acetone four times.

2.1.3 PbSe/PbSexS1-x Synthesis Procedure

The lead selenide / lead selenide sulfide alloy shell nanocrystals were also grown via a
wet chemical method. However, for this structure, the core and shell are grown simultaneously

to achieve an alloy shell. The procedure was adapted from previous work [43]. There were four
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solutions that were prepared separately. Solution one, referred to as the lead acetate precursor,
was prepared by dissolving 0.71 g of lead acetate into a mixture of 2 mL of PhEt, 1.5 mL of OA
and 8 mL of TOP in a 50 mL three-neck flask. The flask was placed on a Schlenk line and
heated to 120 °C under vacuum for an hour. The flask was then cooled to approximately 45 °C
and transferred into a nitrogen-filled glovebox. Another three neck flask was placed on the
schlenck line under vacuum containing 10 mL of PhEt, solution two, and heated to 120 °C for an
hour. After this hour, the vacuum was replaced with nitrogen flow while the solution heated
further to 210 °C. While solution two was heating, solutions three and four were prepared in the
glovebox. Solution three, the selenium precursor, consisted of 0.15 g of selenium dissolved in
1.4 mL of TOP. Solution four, the sulfur precursor, was prepared by dissolving 0.10 g of sulfur
in 0.3 mL of TOP. Once dissolved, the selenium precursor was added to the vial containing the
sulfur precursor, which will be referred to as solution five. While in the glovebox, the lead
acetate precursor was added to solution five. This mixture was stirred to achieve homogeneity.
Once mixed, the solution was drawn into two syringes and both were simultaneously injected
into the three-neck flask of PhEt. It was left stirring for 15 minutes on heat to let the

nanocrystals form. After which, the solution was quenched to stop the growth process.

2.2 Characterization Techniques

The absorbance spectra of the nanocrystals were measured at room temperature using a
Cary 500 UV-Vis-NIR spectrophotometer[44]. The spectrophotometer produces and directs
monochromatic light at the sample and then measures the incident and transmitted spectra over

the range of 175 to 3300 nm. The nanocrystals were dispersed in a solvent, chloroform or
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hexane, and placed inside a quartz cuvette with a path length of 1 cm for measurement. The
solution was tested over a range of wavelengths, from 200 nm to 2000 nm.

When light interacts with a material, it is either absorbed, transmitted or reflected.
Absorbance is a measure of how much of the incident light is neither transmitted nor reflected. It
depends on the composition of the material and how light of different wavelengths interact with

the material. Absorbance is quantified in Equation 2.1,

I 1
A = —log [1—] = log [To] (Equation 2.1)
0

where I is the transmitted intensity, I, is the incident intensity and A is absorbance [45]. If the
light has less energy than the band gap of the material, it is either reflected or transmitted. If the
light has sufficient energy, an electron will elevate from the valence band to the conduction
band. This is called an interband transition.

The photoluminescence (PL) measurements were made with a Bomem BAS8 Fourier
Transform spectrometer[46]. The samples measured were formed by dropping the nanocrystals,
while dispersed in a solvent, onto a glass slide. This was repeated until a thin layer of
nanocrystals was left on the slide after the solvent evaporated. The samples were then placed in
the cryostat and the chamber was brought down to vacuum. Liquid nitrogen was used to bring
the temperature to approximately 77 K in order to reduce thermal contributions. The PL spectra
is reported as intensity versus wavelength.

The PL measurements reveal the emission spectra. Electrons within the material are
excited by shining a laser on the sample. The Bomem uses a source of 642 nm. As the electrons
drop to lower energy levels, they emit light which is detected by the spectroscopy apparatus.
The PL spectra is a measurement of the energy or wavelength of that light. The data is
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represented by intensity vs. wavelength. The distribution of the energy detected reveals the band
structure of the material. It is also an indication of the size distribution of the nanocrystals.
Transmission electron microscope (TEM) images were captured with a FEI Titan 80-300
S/ITEM[47]. The Titan is capable of imaging at a resolution below 0.1 nm with the help of a
CEOS spherical aberration corrector. The nanocrystals dispersed in a solvent were dropped onto
a small copper grid coated with a carbon film. The samples were left in air until the solvent had
completely evaporated, then they were ready for imaging. Images were taken at several different
locations on the grid. A fast Fourier transform (FFT) of the TEM images was also performed in
a program called ImageJ [48]. ImageJ is an open source, java platform for image analysis
provided by the National Institute of Health. The FFT of the image reveals the lattice structure
of the sample. Transforms of a single crystallite and multiple crystallites were performed.
Electron diffraction is utilized in the capture of TEM images. Electrons are generated by
an internal source and accelerated across an electric field towards the sample in vacuum. Each
electron gains a known amount of kinetic energy through this process. The electron beam is
refocused with electromagnetic fields before making contact with the sample. The crystalline
lattice that the electrons are incident upon acts as a diffraction grating. The incident and
reflected electrons are represented as arrows in Figure 2.2. Two different planes with two
different interplanar spacings are depicted with dashed lines. The transmitted electrons are
recorded and presented as a magnified image of the sample where individual atoms are visible.
The application of a FFT to a TEM image transforms the information into reciprocal space. The
resultant diffraction pattern is useful in determining the lattice orientation. Each concentric ring
in a FFT image of many nanoparticles represents different planes, each with unique interplanar

spacing. When a FFT is taken of a single nanocrystal, the individual atoms are visible.
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Figure 2.2. A cubic lattice is presented with the dashed lines representing different planes. The
differing interplanar distances are labeled for the two orientations depicted.

Furthermore, the Titan is capable of energy-dispersive x-ray spectroscopy (EDX). The
EDX measurements yield an elemental analysis of the material tested. This is done by
bombardment of high-energy charged particles at the sample. As a result, electrons in the
material absorb the energy and are ejected. Electrons will fall back to these vacated energy
states resulting in the release of energy in the form of x-rays. This emission spectrum is
measured and different elements are identified due to the unique energy levels found in all
materials.
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2.3 Simulation Techniques

The calculations were executed using the linearized augmented plane wave (LAPW)
method as implemented in WIEN2k [49]. This method divides the unit cell between an
interstitial region and muffin tin (MT) spheres. This division is depicted in Figure 2.3. The MT
spheres are centered at each atom and do not overlap. Within these spheres, there exists a linear
combination of radial wavefunctions according to the approximation. The remaining space, the
interstitial region, is modeled by plane waves. Functions on the boundary between these two
regions are continuous. The LAPW method is a way to solve the equations of density functional
theory (DFT) and is an all electron model [50]. This means that all electrons, core and valence,
are considered in the calculations. Density functional theory is describes a many body problem

through functionals of electron density, thereby reducing the computational power necessary to

Interstitial Region

MT MT MT

Figure 2.3. The schematic depicts how a material is divided into spherical muffin tins, modeled
by linear combinations of radial wavefunctions, and the remaining space is the interstitial region
which is modeled by plane waves.
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simulate materials. The electron density is determined through self-consistent calculations in
which the density is repeatedly changed until it converges. Many computational scientists in
physics, material science, and chemistry utilize DFT to model electronic structures [51]. The
LAPW method was implemented within the local density approximation (LDA).

When constructing a material in WIEN2K, the elements and space group of the material
had to be designated. Then, a k-mesh was chosen depending on the complexity of the material.
The larger the k value, the denser the mesh and more intensive the calculations. The lattice
constant had to be optimized. An experimental value for the lattice constant was entered. This
value, along with incrementally larger and smaller percentages of the experimental value, were
used to run the calculations. The resultant total energies were plotted as a function of these
lattice constants. The parameter corresponding to the minimum energy was used for all further

calculations.
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Chapter 3 Results and Discussion

The core material studied, PbSe, was simulated using WIENZ2k to better understand the
electronic structure. Bulk PbSe was simulated and analyzed in WIEN2k. The crystal structure,
band structure, electron density, and density of states are presented and discussed. The PbSe and
PbSe/PbS nanocrystals were successfully synthesized and characterized. Absorbance,
photoluminescence, and TEM images are presented and discussed in the following subsections.
An alloy shell, PbSe/PbSexS1.x core/alloyed shell, was attempted. However, synthesis was

unsuccessful.

3.1 Simulation Results

Lead selenide has a rock salt structure, shown at two different angles in Figure 3.1. The

grey atoms represent lead, and the yellow atoms represent selenium. The cubic rock salt

Figure 3.1. The crystal structure of PbSe is rock salt. Two different angles of the material are
shown and were generated using WIEN2k and XCrysDen.
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structure belongs to the space group Fm3m, or No. 225 [37]. This crystal structure is equivalent
to two offset face centered cubic lattices, one of lead and one of selenium. The unit cell was
repeated in three dimensions to approximate bulk PbSe. The electronic calculations were made
for this periodic structure in WIEN2K.

A cubic unit cell of PbSe was modeled with a lattice constant of 6.22 A. This constant
was chosen carefully because of its substantial effect on the band gap. The lattice parameter was
selected through structural optimization. The total energy of the unit cell was calculated for an
experimentally determined lattice constant of 6.11 A and for +15%, +10% and +5% of this
experimental constant [23]. The volume optimization curve was plotted and approximates a

parabola, as is shown in Figure 3.2. The lattice constant corresponding to the minimum total
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Figure 3.2. The volume optimization curve is plotted as total energy in Rydberg vs. volume in
cubic angstroms.
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energy was selected for all further calculations, which was 6.22 A. Previous research conducted
by Wei and Zunger computing electronic and structural characteristics of lead chalcogenides
using the LDA calculated a lattice constant of 6.098 A for PbSe [52]. Another study evaluated
PbSe using the LDA and generalized gradient approximation (GGA) and calculated lattice
constants of 6.053 A and 6.196 A, respectively [53]. The calculated lattice constant of 6.22 A is
in good agreement with the GGA calculation, 0.39% (percent difference), and LDA calculation,
2.72%. The lattice parameter of 6.22 A is in fair agreement with Wei and Zunger with only a 2%
difference. The calculated lattice constant is 1.8% percent greater than the experimental lattice
constant of 6.11 A. In a similar computational study, Ekuma et al. used a lattice constant of
6.124 A, a 1.56% difference [54].

The electronic band structure was calculated for bulk PbSe. The results are shown in
Figure 3.3, which indicates a direct band gap at the L point in the Brillouin zone. This
characteristic is consistent with the literature [52]-[56]. The difference between the valence
band maximum (VBM) and conduction band minimum (CBM), both of which are located at the
L point, is the band gap, which is 0.40 eV. Similar studies have yielded values between 0.38 eV
and 0.17 eV [52]-[54]. The band gap calculated is at least 5% larger than any simulated values
found in the literature review.

The electron density, n(r), was calculated for the PbSe structure. This density reflects the
probability of an electron occupying a point in space. Density functional theory is a way to
analyze a material in the framework of functions of electron density functions. This approach
reduces the computational power required to model compounds. The electron density for bulk

PbSe, as calculated, is presented in Figure 3.4. Electron density is denoted as n(r), since it is
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dependent upon the distance from the center of each atom, r. The legend indicates the scale

represented by increments, A n(r).

Energy(eV)

VARV EANEATS

Elllllllllllllllllll-rjlllllllllllllllllllla

'20v'i1 L T X W K

Figure 3.3. The full band diagram for bulk PbSe shows the direct band gap of 0.40 eV found at
the L point.
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Figure 3.4. The electron density was calculated in WIEN2k. The lead and selenium atoms are
labeled.

The density of states (DOS) is the energy distribution of states in a material. This was
calculated for bulk PbSe and the total and separate contributions of the lead and selenium atoms
were plotted for comparison in Figure 3.5 (a). The selenium contribution, in blue, dominates the
total DOS. The lead contribution is shown in red. The DOS for lead and selenium was
calculated by orbital levels, as shown in Figure 3.5 (b) and (c), respectively. For lead and
selenium, the p orbital dominates the DOS, except at high energies (greater than 13 eV for Pb
and 7 eV for Se) where the d orbital has a higher density of states. The s orbital is the lowest

contributor for both lead and selenium.
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Figure 3.5. The contributions to the density of states of PbSe were calculated and plotted as a
function of energy. (a) The total density of states for PbSe as well as the lead and selenium
contributions. (b) The Pb contribution to the density of states and its orbital contributions: s, p and
d.
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Figure 3.5., cont’d. (c) The Se contribution to the density of states was divided between the s, p
and d orbitals.

3.2 Experimental Results

The experimental results for PbSe, PbSe/PbS and PbSe/PbSexS1-x are presented and
discussed in this section. Absorbance, photoluminescence, and TEM measurements for the PbSe
and PbSe/PbS nanocrystals are presented and discussed in the following subsections. The alloy

shell synthesis was unsuccessful, and is discussed in Section 3.2.3.
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3.2.1 PbSe

The PbSe colloidal nanocrystals were characterized through absorbance,
photoluminescence and TEM measurements. The room temperature absorbance spectra for PbSe
core nanocrystals with four different growth times (all injected at 140 °C) are shown in Figure
3.6 (a). A longer growth time allowed further nucleation, and led to an increase in nanocrystal
diameter. It is well established that as the size of the nanocrystals increases, the band gap
decreases [43], [57]-[59] and approaches that of the bulk PbSe, which is 0.27 eV [60]. The
significant blue shift from bulk in the absorbance spectra was expected as a result of extreme
quantum confinement as observed in the work Du et al. [57]. Also, the peaks observed in the
spectra illustrate the discrete energy levels found in sufficiently small nanocrystals [61]. All of
this behavior was observed in the absorbance spectra. There exists two discontinuities in each
absorbance spectrum at approximately 1407 and 1158 nm. These discontinuities are artifacts
that result from referencing the chloroform or hexane baseline. At least three distinct peaks are
apparent for each sample, termed excitonic peaks. Figure 3.6 (b) contains the same data as graph
(@), but the first exciton peaks are magnified for clarity. The first exciton peaks are observed at
1253, 1267, 1300 and 1562 nm for a growth time of 15, 20, 30 and 40 s, respectively. These
peaks correspond to the first interband transitions in the PbSe nanostructures, and are the most
intense because this transition is associated with the greatest oscillator strength. The energies
corresponding to the onset of absorbance for PbSe nanocrystals of 15, 20, 30 and 40 s are 0.899,
0.888, 0.879 and 0.729 eV. These energy band gaps are larger than the bulk band gap of PbSe
due to quantum confinement, and are consistent with similar works [43], [59]. Secondary

transitions are visible in all of the absorbance spectra in Figure 3.6 (a), and a tertiary transition is
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Figure 3.6. The absorbance spectra at room temperature of PbSe nanocrystals with four different
growth times dispersed in either chloroform or hexane is plotted in (a). An enlarged plot of the
first excitonic peak is shown in (b).
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visible for the nanocrystals with a growth time of 40 s. These are also excitonic peaks resulting
from interband transitions of different energies. The prominence of these more energetic
absorbance peaks may indicate a small size distribution of nanocrystals.

The TEM images and FFT images obtained for the PbSe sample grown at 140°C for 20
seconds are shown in Figure 3.7. A TEM image of the nanocrystals is shown in Figure 3.7 (a).
The average size of the nanocrystals measured utilizing ImageJ was 3.242 + 0.3289 nm. An
enlarged section of image (a) is presented in Figure 3.7 (b). The interatomic spacing was
measured for 10 different pairs of nearest neighboring atoms in ImageJ [48], for an average of
3.34 A. Twice the interatomic spacing, which is 6.68 A, is the lattice constant of the rock salt
nanocrystal as measured from the TEM images. The fast Fourier transform (FFT) of the image
in (a) is shown in Figure 3.7 (c). Performing a FFT on an image of particles transforms that
information into reciprocal space. Concentric rings are visible, each indicating a different
interplanar spacing corresponding to a different plane found in a lattice [62]. The diameter of the
two center rings were measured in ImageJ. The primary and secondary rings have an average
diameter of 4.55 and 6.35 nm™, respectively. The interplanar distances associated with the
primary and secondary rings are 4.40 and 3.15 A, respectively. The FFT in Figure 3.7 (d) is the
transform of (b), a single crystalline nanoparticle. Therefore, there are not concentric rings, but
discrete points of light in a cubic structure. The measured interatomic distance in this FFT image
is 1.13 nm™, corresponding to a lattice constant of 5.65 A.

The gray value of each pixel is presented as a function of distance in nanometers in
Figure 3.8. The y-axis is the gray value of each pixel across the PbSe core nanocrystal, as seen
in the PbSe TEM inset image. The total distance, 4 nm, was divided by the number of cycles, 12,

in order to find the interatomic spacing. A value of 3.33 A was calculated, which corresponds to
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Figure 3.7. Image (a) is a TEM image of the PbSe nanocrystals grown at 140 °C for 20 seconds.
Image (b) is a close up of image (a) with the average measured interatomic distance of 3.34 A
labeled. Image (c) is a FFT of image (a) consisting of multiple nanocrystals. In image (d), a FFT
was performed in ImageJ on image (b), a single nanocrystal.

A lattice constant of 6.66 A for the rock salt crystals structure. The three methods used to calculate
the lattice constant are in good agreement, except for the FFT method which is approximately 16%

different.
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Figure 3.8. The gray value of each pixel along a bisecting line of the nanocrystal is presented as
a function of distance in nanometers. The PbSe TEM inset displays the cross-section measured
as a yellow line. The interatomic spacing is 3.33 A.

The TEM is capable of energy-dispersive x-ray spectroscopy (EDX) measurements. The
results are shown in Figure 3.9. Lead and selenium are the two most prominent elements.
However, carbon, copper and oxygen are also present. The sample was imaged on a copper grid
with a carbon coating, and was exposed to air before measurement.

The absorbance and PL spectra for PbSe nanocrystals grown for 20 s are shown in Figure

3.10 and were measured at 300 K and 77 K, respectively. The absorbance spectrum contains the
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Figure 3.9. Energy-dispersive X-ray spectroscopy results for PbSe nanocrystals.

same two discontinuities as discussed above. The first and second exciton peaks of the

absorbance spectra are located at a wavelength of 1315 and 1019 nm, respectively. The first

exciton peak energy of the absorbance spectrum is in agreement with the linear trend with

respect to the size of nanocrystals given in Brumer et al. [43]. However, the peak energy of the

PL spectrum is smaller and differs by approximately 50 meV. This difference could be

attributed to the fact that the PL measured in Brumer et al. [43] was at room temperature
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Figure 3.10. The absorbance spectrum measured at room temperature and photoluminescence
spectrum measured at 77 K as a function of wavelength were obtained for PbSe nanocrystals.
The inset is a TEM image.

whereas, in this work, the sample was cooled to approximately 77 K before taking
measurements. The Stokes shift between the PL and absorbance spectra is approximated to be
131.9 meV. The full width at half maximum (FWHM) for the PL spectra is 71.7 meV. This
sharp peak indicates a narrow size distribution in nanocrystals. The FWHM of the PL peak for
PbSe is in agreement with the 105 nm found in previous research that investigated PbSe
nanocrystals grown similarly [42]. The inset in Figure 3.10 is a TEM image of PbSe
nanocrystals injected at 140 °C and grown for 20 seconds. The average particle size is

approximately 3.242 nm and the size distribution is uniform with a standard deviation of 0.3289
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nm. The gquantum confinement ratio for these nanocrystals is 0.0435, which is comparable to
current studies. Ratios down to 0.04 have been achieved for lead salt compounds and CdSe

quantum dot studies have a reported value of 0.16 at best [35], [57].

3.2.2 PbSe/PbS

The PbSe/PbS core shell synthesis procedure was more variable than the core procedure.
The PbSe nanocrystals synthesized were used in the core/shell procedure as the core compound.
The procedure used was replicated from previous work [43]. However, there were issues
achieving and maintaining the solution temperature outlined. Therefore, the injection
temperature was inadvertently altered. Ultimately, six different combinations of growth
conditions were investigated. Growth times were increased in 15 minute increments in
accordance with Brumer et al [43], which states that each 15 minute interval results in one
monolayer of growth. The absorbance spectra of these six variations are displayed in Figure 3.8
(a). Multiple excitonic transitions are visible for many of the samples. The pronounced
discontinuities in the absorbance at 1152 nm and 1412 nm, again, resulted from the baseline
correction.

The samples with the same injection temperature of 180 “C were isolated for clarity in
Figure 3.8 (b). The onset of the absorption was used to determine the band gap of each trial.
The associated band gaps for the core/shell nanocrystals grown for 15, 30 and 45 minutes are
0.821, 0.838 and 0.904 eV, respectively. Figure 3.8 (c) displays a magnified view of the first
excitonic peaks for the nanocrystals with varying injection temperatures and a growth time of 15

minutes. Band gaps of 0.864, 0.698, 0.821 and 0.801 eV correspond to the samples of an
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injection temperature of 120, 140, 180 and 190 °C, respectively. Saturation of the detector is
visible at 1700 nm. Unfortunately, this upward trend disrupts the first excitonic peak of the
sample injected at 140 °C and grown for 15 minutes. Therefore, the calculated band gap may be
inaccurate.

The absorbance peaks of the spectra in Figure 3.8 (b) do not adhere to the anticipated
behavior. As the injection temperature and growth time are increased, the size of the
nanocrystals increases. Increased size theoretically corresponds to a decreased band gap, but this
is not the behavior observed for the absorbance peaks. However, the onset of absorbance, and
therefore the band gaps calculated, do follow the expected trend. In fact, as the growth time
increased, the band gap increased as well. This indicates that the effective PbSe core was
shrinking due to the interdiffusion of sulfur at the surface. The reduction of the PbSe coupled
with the fact that PbS has a larger band gap than PbSe would lead a blue shift of the spectra to
higher band gaps. The spectrum in Figure 3.8 (c¢) for injection at 140 °C and a growth time of 15
minutes is an outlier in that it does not adhere to the expected behavior. Possible explanations
include the fact that different batches of core PbSe nanocrystals were used in each shell
synthesis. The same core procedures was followed each time, but there may have been a
fluctuation in size. More importantly, for the core/shell procedure, there was poor temperature
control. More specifically, after the precursors were injected into the PhEt, the temperature of
the solution dropped drastically. The solution was then held at the temperature at which the
solution stabilized, which was inconsistent over the trials.

The core/shell nanocrystals were imaged through TEM, and are shown in Figure 3.12 (a).
The average size of the core/shell nanocrystals was measured in ImageJ and was found to be

3.649 + 0.437 nm. A zoomed in image of a singular nanocrystal is presented in Figure 3.12 (b).
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Figure 3.11. The absorbance spectra measured at room temperature as function of wavelength
were obtained for PbSe/PbS nanocrystals of different sizes, as shown in (a). The spectra of the
samples with differing growth times injected at 180 °C were isolated in (b).
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Figure 3.11. cont’d. The spectra for nanocrystals with differing injection temperatures, all grown
for 15 minutes, are plotted in (c).

The average interatomic spacing found was 3.09 A and is labeled. For a rock salt structure, the
lattice constant is twice this spacing, 6.18 A. The FFT of (a) is displayed in Figure 3.12 (c), in
which concentric rings associated with different interplanar spacings are visible. The primary and
secondary rings have an average diameter of 11.50 and 16.69 nm™, respectively, which
corresponds to an interplanar distance of 1.74 and 1.20 A, respectively. The FFT of a single
nanocrystal is shown in Figure 3.12 (d). The cubic lattice is evident and indicates a lattice constant

of 6.80 A.
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0.309 nm

Figure 3.12. Part (a) is a TEM image of the PbSe/PbS nanocrystals grown at 180°C for 15
minutes. Image (b) is a close up of a single nanocrystal in (a), with the average measured
interatomic spacing illustrated. The FFT shown in (c) is a transform of (a) . Part (d) is a FFT of
image (b).

Measuring the interatomic spacing was done through analysis of the intensity variation

across a nanocrystal. The total distance spanned was divided by the number of cycles, and the
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interatomic spacing was 2.92 A. The intensity variation was plotted as a function of distance and
is displayed in Figure 3.13. The inset is a close up TEM image of a single nanocrystal, as seen in
Figure 3.12 (b), with the path of measurement indicated by a yellow line. By this method, the
lattice constant is 5.83 A, which is 15% different from the lattice found through measurement of
the FFT of a single nanocrystal (6.80 A). The lattice constant that was directly measured, 6.18

A, falls between these two values.

140||||||
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Figure 3.13. The gray value of each pixel along the yellow line seen in the inset TEM image was
plotted as a function of distance.

The EDX measurement for PbSe/PbS is shown in Figure 3.14 as counts versus energy in

keV. Again, carbon, copper and oxygen are present due to the method of measurement. Lead,
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selenium and sulfur peaks are present and labeled, indicating that sulfur was indeed present in the

nanocrystals.
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Figure 3.14. The EDX measurements of the PbSe/PbS core/shell nanocrystals are shown with
each peak labeled with the corresponding element.

The absorbance and PL spectra measured at 300 K and 77 K, respectively, for the
PbSe/PbS configuration are shown in Figure 3.15. The absorbance spectra exhibits a strong
exciton peak for the first interband transition at 1518 nm. The secondary and tertiary interband
transitions are visible at 1164 and 886 nm, respectively. There is a Stokes shift of 74.4 meV
between the absorbance and emission spectra. The PL spectrum is characterized by two peaks.
This indicates at least two dominant sizes of nanocrystals were synthesized. The PL peak is also

wide with a FWHM of 126.4 meV, which indicates a large size distribution. This was expected
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Figure 3.125. The absorbance and photoluminescence spectra as a function of wavelength for
I_DbSe/PbS nanocrystals were measured at 300 K and 77 K, respectively. The insetisa TEM
image.

because of the extended growth time of the PbSe/PbS core/shell nanocrystals. In Figure 3.15, the
inset is a TEM image of the PbSe/PbS core/shell nanocrystals with an injection temperature of
180 °C and a growth time of 15 minutes with an average size of approximately 3.649 nm with a
standard deviation of 0.437 nm.

The growth of a PbS shell onto the PbSe core nanocrystal does not change the cubic
structure. The addition of the PbS shell on the PbSe core red shifted the PL spectra. The PL
spectra for the PbSe nanocrystals contains a shoulder towards lower energy. This peak and
shoulder could be explained by recombination with heavy and light holes, respectively. The

FWHM for the core spectra is 71.7 meV. This small size implies a narrow size distribution.
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However, the FWHM for the core/shell nanocrystals is much bigger, approximately 126.4 meV.
This reflects a larger size distribution. For the PbSe/PbS core/shell nanocrystals, the PL
spectrum displays multiple peaks. This may represent multiple dominant sizes of nanocrystals.
The red shift of the absorption and emission spectra between the core and core/shell nanocrystals

can be explained by a potential barrier induced by the shell.

3.2.3 PbSe/PbSexS1-x

The alloy shell nanocrystals were synthesized in line with previous work [43]. However,
synthesis was unsuccessful in part due to an ambiguous procedural outline. The process was
repeated unsuccessfully. The absorbance spectra shown in Figure 3.16 revealed no apparent

discrete transitions.
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Figure 3.16. The absorbance measurement of the alloyed shell nanocrystals revealed no discrete
transitions.
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Chapter 4 Conclusion

Colloidally grown lead selenide and lead selenide/lead sulfide nanocrystals were
characterized through absorbance, photoluminescence and TEM spectroscopy. With an increase
in the growth time, the band gap of the core nanocrystals was observed to red-shift
incrementally. The discretized energy levels in nanocrystals enabled fine-tuning of the band gap
through size adjustment. For the PbSe core nanocrystals, the narrow PL peak and uniform TEM
images indicated a small size distribution for the colloidal synthesis procedure utilized. For the
PbSe/PbS nanocrystals, the size variation reflected in the TEM images and the widened FWHM
of the PL spectrum increased relative to the PbSe core measurements. The increased size
distribution can be attributed to an extended growth time during synthesis and an unstable
temperature during growth. The absorbance and PL spectra of the PbSe/PbS nanocrystals were
red-shifted relative to the PbSe core. This occurred due to a small potential barrier caused by the
addition of the shell.

Bulk PbSe was simulated utilizing the LAPW method of solving density functional
theory as implemented in WIEN2k. The band structure, electron density and density of states
were calculated successfully. A bulk direct band gap energy of 0.4 eV and location at the L

point in the Brillouin zone was correctly predicted.
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Appendix A: Description of Research for Popular Publication

Nanomaterials have broad applications in many important fields, such as biomedical
imaging, solar cells, thermoelectric devices and light emitting diodes. Nanostructures exhibit
unique properties that warrant further investigation. Both simulation and experiment are
required to better understand the behavior of nanoscale materials in order to improve device
functionality. Increased device efficiency and decreased cost of production are required in order
for the free market to turn away from fossil fuels and take advantage of renewable energy. This
IS an inevitable transition due to the increasing cost of fossil fuel extraction, and awareness of the
environmental damage caused by burning fossil fuels. A transition to renewable energy would
create research and development jobs as well as technician positions to maintain infrastructure.

At the nanoscale, the charge carriers are spatially confined. By changing the size of
nanocrystals, the properties can be adjusted to fit specific applications. This band gap
engineering often leads to improvements in device efficiency because the material is tailor made
to operate in its destined environment. Lead salts offer unique properties, such as large exciton
Bohr radius, high dielectric constant and small effective electron and hole masses, that allow
access to the extreme quantum confinement regime. This is appealing for band gap engineering
and device applications.

Colloidally grown nanostructures are less expensive than vacuum-based methods which
require expensive equipment and maintenance. This research developed colloidal synthesis
procedures to grow PbSe and PbSe/PbS core/shell nanoparticles for photodetector applications.
These nanomaterials operate within the infrared spectrum, which is important for many
technological fields. Core PbSe nanocrystals of approximately 3.2 nm in diameter were
synthesized using a colloidal synthesis method. The synthesis procedure resulted in uniform size
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distribution and a high chemical yield. The core nanocrystals synthesized were used in the
core/shell procedure as the core. The PbS shell was grown onto the core. However, the
core/shell procedure had poor size distribution and chemical yield. This was likely due to poor
temperature control during synthesis. The average size for the PbSe/PbS core/shell nanocrystals
was 3.6 nm. The shell growth did not develop as planned. For longer growth times, or larger
nanocrystals, the band gap shifted to higher energies. This is the opposite consequence expected.
Therefore, it seems that during growth the PbS shell, there was significant interdiffusion at the
surface. Part of the PbSe core was replaced with PbS, which has a larger band gap. The

core/shell synthesis procedure was not optimal for extended growth times.
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Appendix B: Executive Summary of Newly Created Intellectual Property

No new intellectual property items were created in the course of this research project.
This work reported on the repeatability of synthesis procedures and the behavior of the material

studied, PbSe.
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Appendix C: Potential Patent and Commercialization Aspects of listed Intellectual
Property Items

There were no intellectual property items listed and therefore there is no potential patents

or commercialization aspects.
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Appendix D: Broader Impact of Research

D.1 Applicability of Research Methods to Other Problems

The colloidal synthesis methods utilized in this research project can be used in
applications other than photodetectors. Nanostructures are found in solar cells and
thermoelectric devices. The lower cost and scalability of colloidal growth demonstrates a
capacity for industrial use. Also, lead selenide and lead sulfide are unique materials with a large
exciton Bohr radius. They have been investigated for use in thermoelectric and photovoltaic

devices.

D.2 Impact of Research Results on U.S. and Global Society

While no direct impact of the research results is significant, incrementally improved
photovoltaic and thermoelectric devices are important. Research that confirms or incrementally
advances the knowledge of the field is important to science. Improvements in photovoltaic and
thermoelectric devices are necessary to move from increasingly expensive and noxious fossil
fuels to renewable energy. Harnessing solar and thermal energy is a path to increase a country’s

energy independence.

D.3 Impact of Research Results on the Environment

Improvements in devices that harness renewable energy will lead to a transition away

from fossil fuels. This would have a positive impact on the environment through lower carbon
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emissions and fewer damaging excavations for fossil fuels. Harvesting waste heat is possible
through the use of thermoelectric devices. These can be used on cars or large-scale industrial
complexes.

However, the materials studied included lead and selenium, which are toxic chemicals.
Proper disposal of devices containing these materials would be a necessary challenge.
Containment of the chemical in the device in all environmental conditions is the primary

concern. Regulations and facilities would have to be put in place to properly recycle the devices.
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Appendix F: Identification of All Software Used in Research and Thesis Generation

Computer #1:
Model Number: Q502L
Serial Number: EBNOBC041036335
Location: Personal
Owner: Haley Morris
Software #1:
Name: OriginPro Student Version
Purchased by: Haley Morris
Software #2:
Name: WIEN2k
Purchased by: Omar Manasreh

Computer #2:

Model Number: 876882794

Location: BELL 3143

Owner: Omar Manasreh
Software #1:

Name: Origin 8.6

Purchased by: Omar Manasreh
Software #2:

Name: Microsoft Office

Purchased by: Omar Manasreh
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Appendix G: All Publications Published, Submitted and Planned
Published

A. Nusir, J. Aguilar, J. Hill, H. Morris, and M. O. Manasreh, “Uncooled Infrared Photodetector
Utilizing PbSe Nanocrystals,” IEEE Trans. Nanotechnol., vol. 15, no. 1, pp. 109-112, 2016.

Y. Makableh, A. Nusir, H. Morris, K. McKenzie, and O. Manasreh, ‘“Performance enhancement
of InAs quantum dots solar cells by using nanostructured anti-reflection coating with
hydrophobic properties,” J. Nanophotonics. Accepted for publication on 11/29/16

Planned

H. Morris, J. Hill, J. Aguilar, A. Nusir, B. Hamad, and O. Manasreh, “Optical Properties of Lead
Selenide and Lead Selenide/Lead Sulfide Nanocrystals.” . To be submitted to IEEE Transactions
on Nanotechnology
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