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ABSTRACT 
 

 Chalcocite, Cu2S, and djurleite, Cu1.94-1.96S, copper sulfide nanoparticles have 

been synthesized.  They have been characterized using a multitude of methods.  Using x-

ray photoelectron spectroscopy (XPS), the binding energies of the core electrons have 

been measured for each type of nanoparticle.  Using powder x-ray diffraction and 

ultraviolet-visible spectroscopy, the crystal structures have been determined and it has 

been found that the chalcocite nanoparticles have indirect band gap transitions, whereas 

the djurleite nanoparticles have direct band gap transitions.  Using electron microscopy it 

has been found that the nanoparticles are both single crystalline with size distributions 

that vary between 8 and 20 nm for the djurleite nanoparticles, and between 10 and 200 

nm for the chalcocite nanoparticles.  The djurleite nanoparticles have been incorporated 

into a solar cell device in combination with C60 and using ultraviolet photoelectron 

spectroscopy (UPS), the band structure of the nanoparticles has been evaluated. 
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CHAPTER 1 
 

INTRODUCTION 
 

Copper Sulfide as a Promising Material for Solar Cell Application 
 
   Renewable energy has been investigated extensively over the past several decades 

in order to find additional resources for meeting the world’s energy needs.  For example, 

solar cells are commonly used today as an energy resource and are being extensively 

researched for optimization.  Photovoltaic solar energy conversion can be achieved with 

various materials with different efficiencies, but no material or combination is cheap 

enough to compete with the energy obtained from fossil fuels [1-7].  Solar cells operate 

based on a photovoltaic phenomenon discovered by Becquerel in 1839 when a silver 

chloride electrode submerged in an electrolytic solution produced a voltage and an 

electric current under illumination [1].  The origin of this “Becquerel effect” was better 

understood by Brattain and Garrett in 1954 by illuminating single crystal silicon 

substrates with an efficiency of converting incident photons to current of approximately 6 

% [6].  Using silicon as a component in solar cells has led to this material being the most 

widely used semiconductor in solar cell applications with efficiencies up to 24% [1-4].  

However, the methods for converting silicon found in nature to single crystal silicon used 

in solar cells is costly.  In addition to this, conventional silicon solar cells are bulky and 

rigid and require a layer of silicon that is 150 to 200 µm thick [1-5].  Problems such as 

this have led to the further development of using other materials capable of converting 

incident sunlight to energy.  For example, efforts have been focused on using 

combinations of various III-V semiconductors such as gallium arsenide, and organic 
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components, such as C60, in order to maximize the effectiveness of photovoltaic devices 

[2-16].  Due to the light weight, mechanical flexibility, and potential for low-cost 

production of electronic devices made from semiconducting organic and inorganic 

materials, high-efficiency solar cells could have a major impact on energy needs [4].   

There are multiple factors which must be taken into consideration for determining 

the efficiency of a solar cell.  Past and present research suggests that the efficiency of a 

solar cell depends strongly on band structure, light absorption, and the electronic 

properties of the materials being used [1-6].  The electronic band structure, or simply 

band structure, of a solid describes ranges of energy that an electron is forbidden or 

allowed to have.  Figure 1.1.1 shows a simplified diagram of the electronic band structure 

of conductors, semiconductors, and insulators. 

In figure 1.1.1 the dotted line represents the Fermi level, Ef, which is also known 

as the work function of the materials.  Two commonly used electrodes in solar cells are 

aluminum and indium tin oxide (ITO), which have a work function of 4.2 eV and 4.3-5.1 

eV, respectively [4,5].  When the solar cell is at equilibrium, a built-in potential will 

cause the Fermi level of the aluminum to increase and the ITO to decrease until they have 

the same value.  Therefore, the Fermi level has the ability to vary in energy and it is 

important to have a basic understanding of where the Fermi level of most materials 

exists.   

The highest energy band in figure 1.1.1 that is at least partially occupied with 

electrons in the ground state is known as the valence band, Ev.  The valence band is 

composed of discrete states of energy that represent the ionization potential of the  
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Figure 1.1.1.  Simplified diagram of the electronic band structure of conductors (a), 
semiconductors (b), and insulators (c), with electron energy increasing from bottom to 
top. Ev represents the top of the valence band, Ec is the bottom of the conduction band, 
and Ef is the Fermi level. 
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molecule.  The level of greatest energy within the valence band that is occupied with 

electrons is referred to as the highest occupied molecular orbital (HOMO), and it  

describes the energy for a single state of electrons.  The energy states above the valence 

band comprise what is known as the conduction band, Ec.  The conduction band is made 

up of distinct states of energy that identify the electron affinity of the molecule.   The 

lowest unoccupied molecular orbital (LUMO) describes the molecules electron affinity.  

Since there is no band gap of forbidden energy regions and the conduction and valence 

bands overlap with each other in conductors, the charge carriers, or electrons, are not 

localized to the HOMO and LUMO.  Insulators have a valence band that is completely 

filled and an upper conduction band that is completely empty.  The result is a material 

that has an energy gap, Eg.  In order for electrons to cross the energy gap, they must 

absorb energy.  However, the energy gap is so high for insulators that the probability of 

an electron being in the conduction band without external excitation goes to zero.  

Thermal excitations can take place at very high temperatures for insulating samples such 

as diamond, but the material begins to degrade over time at such elevated temperatures 

[1-8].  For semiconductors the thermal and optical excitations occur more frequently 

because the electrons do not have to cross as wide of an energy gap as insulators.  Similar 

to insulators, semiconductors have a valence band that is completely filled and an upper 

conduction band that is completely empty at 0 K.  Electrons can be excited from the 

HOMO to the LUMO both thermally and optically.  For solar cell application, optical 

excitation is of great importance for optimization of the device. 
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As stated previously the energy bands in a solid are separated by an energy known 

as the band gap, which refers to the magnitude of the forbidden energy range between the 

valence and conduction bands.  When a semiconductor absorbs a photon an electron can 

be excited from the HOMO to the LUMO in both a direct and indirect manner.  For direct 

transitions the electron is excited from the higest level of the valence band to the lowest 

level of the conduction band.  Often times an electron can be excited from the highest 

energy in the valence band, HOMO, to an energy level in the conduction band that is not 

the LUMO, resulting in an indirect transition [1].  More specifically, for indirect band 

gap semiconductors the HOMO and LUMO levels do not have the same crystal 

momentum.  Excitation from the HOMO to the LUMO level can still take place, but the 

majority of the energy is lost in thermal energy and crystal vibrations.  However, an 

electron is capable of being excited from the highest point of the valence band to the 

lowest point in the conduction band in indirect band gap semiconductors with the 

absorption of a phonon.  A phonon can be defined as a quantized mode of vibration 

occurring in a rigid crystal lattice.  They correspond to a mode of vibration where dipoles 

at adjacent lattice sites interact with each other that create time-varying electrical dipole 

moments.  They have a minimum frequency of vibration that is easily excited by light.  

As this frequency of vibration becomes excited, there are changes in the momentum of 

the electrons within the crystal lattice, ħκ, that allow for the excited electrons to be able to 

transition to a higher energy [17].  The dependency of the energy of the electron on 

crystal momentum is given by equation 1.1.2, 

  E = ħκ2/2m        (1.1.1) 
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where E is the energy of the electron, ħκ is the crystal momentum, and m is the mass of 

the electron.  Figures 1.1.2 and 1.1.3 show the typical transitions that take place in direct 

and indirect band gap semiconductors upon absorption of a photon with energy as a 

function of crystal momentum.  As shown in figures 1.1.2 and 1.1.3, there is no change in 

the crystal momentum of the electrons for direct transitions.  However, in order for an 

electron to transition from the highest energy level in the valence band to the lowest 

energy level in the conduction band in a semiconductor with an indirect band gap, there 

must be a change in the crystal momentum [17-20].    Based on the requirements needed 

for optical excitation of an electron, transitions in indirect band gap semiconductors occur 

less frequently than for direct band gap semiconductors [17-20].  Therefore, when 

deciding which material to use for solar cells, researchers must take into consideration the 

optical transitions which are going to be direct and indirect in order to optimize its 

efficiency.  To gain a better understanding of the electronic excitations that occur in both 

direct and indirect band gap semiconductors, it is useful to consider a molecular picture 

of the bonding in the solid and to show how electrons are isolated to the highest occupied 

molecular orbital, HOMO, and the lowest unoccupied molecular orbital, LUMO.  For 

example, the bonding in both the direct and indirect band gap semiconductors cadmium 

selenide and silicon, are shown in figures 1.1.4 and 1.1.5, respectively.  The horizontal 

arrows in the figures represent the dipole moments present between the orbitals.  For 

cadmium selenide, the dipole moments are all aligned.  However, in silicon, the dipole 

moments change direction between the unit cells.  With the absorption of a phonon, the 

dipole moments can align properly allowing for transitions to take place in the indirect  
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Figure 1.1.2.  Electronic transition from the valence to the conduction band for a direct 
band gap semiconductor. 
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Figure 1.1.3.  Electronic transition from the valence to the conduction band for an 
indirect band gap semiconductor. 
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Figure 1.1.4. Molecular orbital diagram of the electronic structures for zinc blend 
cadmium selenide.  Arrows represent dipole moments.   
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Figure 1.1.5.  Molecular orbital diagram of the electronic structures for diamond silicon.  
Arrows represent dipole moments.  Vertical dashes represent individual unit cells. 
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band gap semiconductor silicon.  For silicon the HOMO is comprised of atomic orbitals 

that are in phase within the unit cell, while the LUMO has orbitals which are out of phase 

[1].  In figures 1.1.4 and 1.1.5, the single-particle wave functions for electrons and holes 

in the solid can be viewed as a linear combination of unit cell atomic orbitals multiplied 

by phase wave vectors between the unit cells.  The wave vectors (κ) of the unit cells are 

given in equation 1.1.3. 

κ = (2π/a)        (1.1.2) 

When all the cells are in phase, ∆κ = 0 which results in a direct band gap semiconductor. 

An indirect band gap semiconductor will occur when adjacent cells are out of phase and 

∆κ ≠ 0.  The selection rule for electronic transitions requires ∆κ = 0.  When ∆κ = 0, the 

dipole moments align with the unit cells that are in phase, as indicated by the horizontal 

arrows in figures 1.1.4 for cadmium selenide.  However, for silicon, the dipole moments 

vary with one another due to the unit cells being out of phase, which eliminates the 

excitation of an electron from the highest energy in the valence band to the lowest energy 

in the conduction band.  However, a transition may occur when ∆κ ≠ 0 if it is 

accompanied by vibrational excitation of a mode with proper symmetry.  Therefore, in 

order for optical excitation to take place in an indirect band gap semiconductor, both a 

photon and phonon need to be absorbed.  In addition to the transitions which are allowed 

and forbidden, it is also important to consider the magnitude of energy required for the 

transition to take place [17].   

Photon absorption across the solar spectrum is critical to the operation of a solar 

cell.  Light absorption in bulk semiconductors has an energy threshold which is the band 
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gap of the material.  For example, large band gap semiconductors, with Eg greater than 3 

eV will be ineffective at harvesting a substantial fraction of the solar spectrum, and will 

not provide the most efficient solar energy conversion devices [3-4].  Semiconductors 

with band gap energies that are very small, or less than 1 eV (1240 nm), can absorb a 

large number of photons from the solar spectrum but will waste a significant amount of 

that energy as heat, which will reduce their effectiveness in harvesting sunlight [3-4].  It 

has been suggested that materials with band gaps between 1.1 and 1.7 eV are the best 

absorbers for solar energy conversion devices.  Therefore, the most important electronic 

transition in semiconductors for energy conversion applications is the optical excitation 

of an electron across the semiconductor band gap.  In addition to optimizing conditions 

for optical excitation, parameters that control how the charge moves through a device 

need to be considered such as sample thickness and diffusion length. 

An important quantity used to characterize the absorption of light by 

semiconductors is the optical penetration depth.  This quantity is defined as the inverse of 

the absorption coefficient of the material (α
-1).  From Beer’s law, the absorbance and 

transmittance of a material can be expressed as 

A = ln cl
I

I o ε=  and T = )exp( cl
I

I

o

ε−=     (1.1.3) 

where I is the transmitted light intensity, Io is the incident light intensity, ε is the molar 

extinction coefficient, l is the optical path length, and c is the concentration of the 

absorbing material [3].  For solid materials, the concentration of the absorber is a 

constant, so Beer’s law can be rewritten as 
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  A = ln l
I

Io α=   and T = )exp( l
I

I

o

α−=     (1.1.4) 

where α = εc and is the absorption coefficient of the material.  When compared to direct 

band gap materials, indirect band gap semiconductors have larger penetration depths and, 

therefore, require thicker samples to fully absorb the incident light.  For example, silicon 

has an absorption coefficient of 102 cm-1 for photon energies that are close to its band gap 

of 1.12 eV.  This would suggest that more than 100 µm of Si must be used to absorb the 

incident light effectively in this energy range [1-6].  However, for most direct band gap 

semiconductors, which have absorption coefficients of α ≥ 104 cm-1, only 1-2µm of 

material is required to harvest the incident photons near their respective band gaps [3].  

Therefore, sample thickness is a requirement that is extremely important with respect to 

the design of an actual photovoltaic energy conversion system.  Based on this discussion 

of band structure, optical excitation, and sample thickness, researchers have taken 

advantage of multiple solar cell geometries in order to harvest the solar spectrum.  

  There are multiple geometries that conventional solar cells can exhibit.  For 

example, there are single layer, multilayer thin film, and interpenetrating bulk 

heterojunction solar cells.  In the single layer solar cells a semiconductor is sandwiched 

between two electrodes, as shown in figure 1.1.6.  Typically the bottom contact, also 

referred to as the anode, is a conductive substrate, such as ITO, and the bottom contact, or 

cathode is aluminum.  Single crystal silicon solar cells take advantage of the design 

presented in figure 1.1.6.  When the semiconductor is placed in between the two 

electrodes, a built-in potential is established which forces the Fermi energies between the  
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Figure 1.1.6.  Conventional single layer solar cell. 
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two electrodes to align.  Upon absorption of a photon, an excited state electron can flow 

through the system in order to generate current. When an electron is optically excited 

from the HOMO to the LUMO, an electron-hole pair is created, also known as an 

exciton.  In order for current to flow in a solar cell, there must be the charge transfer and 

charge separation of the exciton so that holes may flow to the anode and electrons to the 

cathode, as shown in figure 1.1.7.  If the exciton binding energy cannot be overcome, 

there is charge recombination and no current will be generated [7-17].  The excitons in 

most single crystal inorganic semiconductors have a binding energy less than one tenth of 

an electron volt and are very small as compared to polymers and organic components.  

However, Tang [5] suggests that in these single-layer cells, the built-in potential is 

derived either from the difference in work function of the electrodes or from a Schottky-

type potential barrier at one of the metal/organic contacts.  From these characteristics the 

performance of the solar cell can degrade over time due to a large series resistance 

associated with the insulating nature of the organic layer or the field-dependent 

generation of charges generally found in organic photoconductors [5].  Therefore, Tang 

has suggested a second type of geometry which is based on a two layer photovoltaic cell 

comprised of a donor and acceptor component as shown in figure 1.1.8.  Many metal 

phthalocyanines, and polymer layers can behave as donor layers with C60 as an acceptor 

layer.  In order to create a homogeneous surface on the ITO researchers spin cast 

poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS), onto the 

conductive substrate.  Due to the higher binding energy of excitons in organic polymers, 

charge recombination occurs quite frequently when these components are used as the  
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Figure 1.1.7.  Exciton generation of the electron-hole pair upon absorption of light.  WC 
and WA are the work functions of the anode and cathode respectively. 
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Figure 1.1.8.  Conventional multithin film heterojunction solar cell.    
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only material within the device.  Therefore, it is important to use the right combination of 

donor and acceptor layers to form a heterojunction that favors charge transfer.  Figure 

1.1.9 demonstrates the charge transfer abilities of multilayer thin film solar cells.  In a 

multilayer thin film solar cell, an exciton is generated in the donor material upon 

absorption of a photon.  This electron-hole pair then diffuses to the heterojunction formed 

between the donor and acceptor where upon charge separation will take place, followed 

by charge transfer so that holes may travel to the anode and electrons to the cathode to 

produce a current.  It is important for the rates of charge transfer, kCT, and charge 

separation, kCS, to be greater than the rate of charge recombination, kCR, otherwise the 

electron and hole will recombine and no current will be produced [7-17].   

One of the most challenging aspects in this area is to find a semiconductor 

material that has a suitable band gap capable of absorbing photons efficiently for 

application involving a device made out of Earth abundant elements and environmentally 

benign composition [3].  Copper sulfide is a material that meets these requirements. 

Copper sulfide is an Earth abundant semiconductor that has the ability to exist in multiple 

phases at room temperature.  Each distinct phase has its own optical and crystal 

properties.  For example, as a bulk material, copper sulfide can exist in four different 

phases, depending on the amount of copper present.  More specifically, copper sulfide, 

CuxS, can be present as chalcocite, Cu2S, djurleite, Cu1.94-1.96S, digenite, Cu1.8S, and 

covellite, CuS [17-30].  Chalcocite and digenite each have a hexagonal crystal structure, 

whereas djurleite and covellite have monoclinic and rhombohedral crystal lattices, 

respectively.  Previous studies by Klimov and Karavanskii [31] have demonstrated that  
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Figure 1.1.9.  Exciton generation of the electron-hole pair upon absorption of light for a 
multilayer solar cell.  WC and WA are the work functions of the anode and cathode 
respectively.  D and A stand for donor and acceptor. 
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depending on the amount of copper present, the band gap in copper sulfide varies from 

approximately 1.2 eV for chalcocite to 1.5 eV for digenite.  In addition, chalcocite 

undergoes a transition from having an indirect band gap of 1.2 eV to having a direct band 

gap of 1.8 eV.  The djurleite only has the direct transition of approximately 1.83 eV.    

This optical property is important because at photon energy of 1.8 eV the need for 

phonon vibration in order to excite an electron from the valence to the conduction band is 

eliminated.  Copper sulfide was researched extensively as a bulk semiconductor for solar 

cell application from the 1960s to the 1980s in combination with cadmium sulfide.  The 

original solar cell application involved a heterojunction between Cu2S and CdS and is 

shown in figure 1.1.10 [17-30].  This multilayer thin film solar cell has the appropriate 

band structure for charge separation and charge transfer to take place, as shown in figure 

1.1.11.  For the Cu2S/CdS solar cell, the band alignments are offset to give a type II 

heterojunction where Cu2S is the donor and CdS is the acceptor material.  While the 

efficiency of this system can exceed 9 %, the lifetime of the solar cell is drastically 

diminished due to oxidation of the copper in Cu2S and its diffusion into the CdS 

substrate, resulting in changes in crystal structures and stoichiometry.  These problems 

ultimately led to the abandonment of further researching Cu2S as a solar cell material [17-

30]. 

Past research has shown that by synthesizing bulk components and their 

nanoparticle counterparts, there is an increase in stability, and the nanoparticles are less 

prone to oxidation [33,43].  The prevention of oxidation could come about from changes 

in the ionization potential at the nanoscale, as well as surrounding ligands on the surfaces  
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Figure 1.1.10.  Schematic illustration of the bulk Cu2S/CdS solar cell investigated in 
previous studies.  In a typical device the layers have the following thicknesses: glass: 
1500µm; Cu/Au: 35µm; Cu2S: 2.5µm; CdS: 30µm; Ag: 1µm. 
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Figure 1.1.11.  Bulk band structure for the multilayer thin film solar cell between copper 
sulfide and cadmium sulfide. 
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of the particles.  Nanoparticles have a protective layer of ligands surrounding their core, 

that their bulk constituents lack, which can act to prevent the oxidation of the particles.  

Figure 1.1.12 illustrates nanoparticles and how the ligands are bound to the surface.  In 

the present study one type of CuxS nanoparticles has a protective layer of 1-

dodecanethiol, and the others have a layer of, 1-dodecanethiol, oleic acid, and ammonium 

diethyldithiocarbamate.  In the bulk, CuxS lacks this ligand protection.  Therefore, by 

making CuxS nanoparticles, there is the potential for enhanced stability at the 

heterojunction with diminished diffusion across the interface. 

With the recent research advances being made in semiconductor nanoparticles, it 

is worthwhile to re-examine copper sulfide at the nanoscale for solar cell application [32-

44].  Semiconductor nanoparticles have multiple applications in biological detectors, 

various gas phase sensors, and photovoltaic devices, such as dye-sensitized solar cells, 

all-inorganic nanoparticle solar cells, and hybrid nanocrystal-polymer composite solar 

cells.  The multitude of applications for nanoparticles relates directly to changes in their 

electronic properties as a function of size.  This property will be discussed in more detail 

in chapter 4 with solution phase absorption studies. 

Developing a reliable and reproducible method for producing large amounts of 

uniformly sized inorganic nanoparticles has been a major goal in materials chemistry 

research over the last several years.  For semiconductor nanoparticles, the most 

successful preparations involve growth in solution from molecular precursors.  Multiple 

variables arise in the synthesis of nanoparticles, such as growth time, growth temperature, 

concentration of precursors, as well as the ligands present in the synthesis.  Various  
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Figure 1.1.12.  Illustration of  CuxS nanoparticles with ligands and the atomic bonding 
between copper and sulfur. 
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groups have investigated the effects of each of these variables in the synthesis of CuxS 

nanoparticles [31-43].  For example, Tang, et. al [32], has investigated the synthesis of 

djurleite, Cu1.94-1.96S, nanoparticles using the two precursors copper(II) acetylacetonate, 

and 1-dodecanethiol synthesized at 200oC.  In addition to this, Alivisatos et. al. [17] have 

synthesized chalcocite, Cu2S, nanocrystals using copper(II) acetylacetonate, 1-

dodecanethiol, ammonium diethyldithiocarbamate, and oleic acid under the same 

conditions as Tang et. al. [32].  Although numerous studies have been carried out 

investigating the synthesis of CuxS nanoparticles, there only exist a few accounts of their 

thin film properties and photovoltaic applications.  The goal of this study is to use pre-

existing methods to synthesize CuxS nanoparticles and to characterize them using various 

spectroscopic and imaging techniques, and finally to incorporate them into a photovoltaic 

device.  In addition to photon absorption and band structure effecting the efficiency of the 

solar cell, the composition of the nanoparticles and their electronic properties need to be 

considered as well.  The optical properties and crystal structures of both types of 

nanoparticles will be determined with powder x-ray diffraction and ultraviolet-visible 

spectroscopy, respectively.  The size distributions of both types of nanoparticles will be 

analyzed with transmission electron microscopy and atomic force microscopy.  The 

binding energies of the core electrons and valence electrons will be calculated with the 

use of x-ray photoelectron spectroscopy and ultraviolet-photoelectron spectroscopy.  

Ligand characterization of both types of nanoparticles will be carried out with 

thermogravimetric analysis and infrared spectroscopy.  After forming a heterojunction 
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between the nanoparticles and a layer of C60, the photovoltaic characteristics will be 

analyzed. 

The goal of the present study is to form a multilayer solar cell with the CuxS 

nanoparticles as a donor material.  Past research has shown C60 to be a good acceptor 

layer.  Most solar cells using a multilayer geometry have organic components as the 

donor layer and acceptor layer, or inorganic components comprising both layers.  

Research into multilayer solar cells which contain a mixture of inorganic and organic 

components is still new and being developed.  However, previous research has 

demonstrated that CuxS nanoparticles have the ability to form heterojunctions with 

fullerene molecules [38].   Therefore investigation of C60 as the acceptor layer and CuxS 

as the donor layer in a solar cell will be carried out.  Previous research suggests that C60 

has an ionization potential between 6.0 and 6.2 eV [45].  With a band gap of 

approximately 2.0 eV and the ability to act as a strong acceptor material, it is 

hypothesized that the heterojunction formed between copper sulfide nanoparticles and 

C60 provides energetically favorable charge transfer. 

 

 
 

 
 
 
 
 
 
 
 
 



 42

CHAPTER 2 

EXPERIMENTAL 

Experimental Procedures for the Synthesis and Characterization of CuxS 
Nanoparticles 
 
2.1 Synthesis of CuxS Nanoparticles 
 
 All reagents were purchased from Aldrich and used without further purification.  

All of the reflux reactions were performed under inert atmosphere conditions and 

controlled with a Barnstead Electrothermal Power Regulator.  All of the reactions were 

carried out at 200oC for time intervals of 5 min, 10 min, 15 min, 20 min, 30 min, 1 hour, 

2.5 hours, and 4 hours.  The temperature of each reaction was monitored with a 

ChemGlass ‘K’ type thermocouple submerged into the solution. 

2.1.1 Synthesis of Djurleite,  Cu1.94-1.96S, Nanoparticles 
 
 In a typical synthesis, approximately 0.13 grams of copper (II) acetylacetonate are 

mixed with 30mL of 1-dodecanethiol in a 100 mL, 3-neck round bottom flask.  The 

contents of the flask are mixed at room temperature and purged free of oxygen for at least 

20 minutes using a steady stream of argon.  The mixture is then heated to 200 degrees 

Celsius under reflux in an adjustable 100 mL heating mantle.  Once the solution reaches 

200oC, timing of the reaction begins.  The nanoparticles are maintained at temperature for 

the appropriate amount of time and then removed from heat and allowed to cool down to 

room temperature.  The nanoparticle solution is then transferred to a 50 mL plastic VWR 

centrifuge tube, wrapped in foil, and stored in the refrigerator. 
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2.1.2 Synthesis of Chalcocite, Cu2S, Nanoparticles 

Roughly 0.270 grams of copper (II) acetylacetonate are mixed with 3mL of oleic 

acid in a scintillation vial for at least 20 minutes, or until the copper is homogeneously 

dispersed in solution.  In a separate 100 mL round bottom flask 17 mL of oleic acid is 

mixed with 10 mL of 1-dodecanethiol along with 0.13 g of ammonium 

diethyldithiocarbamate.  The solution in the round bottom flask is stirred at room 

temperature and purged of oxygen for at least 20 minutes prior to heating.  The mixture is 

then heated using a 100 mL adjustable heating mantle powered by an electrothermal 

power regulator and monitored with a thermocouple secured in the solution.  Once the 

contents of the round bottom flask reach 110oC, the copper solution from the scintillation 

vial is swiftly injected.  The mixture is slowly heated to 200oC where timing of the 

reaction begins.  The nanoparticles are maintained at 200oC for the appropriate amount of 

time and then allowed to cool down to room temperature.  The nanoparticles are then 

transferred to a 50 mL plastic centrifuge tube, wrapped in foil, and stored in the 

refrigerator. 

2.2 Purification of CuxS Nanoparticles 
 
 All purifying reagents were purchased from VWR International.  
 
2.2.1 Purification of Djurleite Nanoparticles 
 
 Following synthesis of the CuxS nanoparticles using copper (II) acetylacetonate 

and 1-dodecanethiol, the particle mixture is transferred to a new 50 mL centrifuge tube 

and centrifuged at 7000 revolutions per minute for 10 minutes.  The resulting supernatant 

is discarded and the precipitate is isolated via decanting.  The solid pellet is dissolved in 
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4.5 mL of chloroform and precipitated into 14 mL of ethanol.  This suspension of 

nanoparticles is then centrifuged at 7000 rpm for 10 minutes and the cleaning procedure 

is repeated twice more.  After purifying the nanoparticles multiple times, the particles are 

either dried down to a powder by pulling vacuum on the solvent or stored in hexanes 

under argon. 

2.2.2 Purification of Chalcocite Nanoparticles 
 
 Once the particles are synthesized, they are transferred to a new 50 mL plastic 

centrifuge tube and centrifuged at 7000 rpm for 10 minutes.  The supernatant is discarded 

via decanting and the remaining pellet is dissolved in 4.5 mL of toluene.  This dispersion 

of nanoparticles is then precipitated into 14 mL of isopropyl alcohol and centrifuged at 

7000 rpm for 10 minutes and the purification method is repeated at least two more times.  

After this purification the particles are dried down to a powder by pulling vacuum on the 

product to remove excess solvent or stored in hexanes under argon. 

2.3 Characterization with X-Ray Diffraction (XRD) 

 Powder and thin film x-ray diffraction measurements were both acquired at room 

temperature.  Diffractograms were obtained using a PANalytical X’Pert MPD Pro 

diffractometer with Cu Kα (1.54 Å) radiation at 45 kW voltage, and 40 mA current.  The 

instrument is equipped with an X’Celerator detector with 0.001 degree resolution and a 

revolving circular stage.  Samples were placed on an obliquely-cut single-crystal silicon 

zero-background holder.  The powder samples were prepared by placing at least 50 mg of 

purified nanoparticles directly onto the silicon wafer.  The powder samples were scanned 
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over a range of angles from 30 to 75o with a step size of 0.5o and an integration time of 

0.970 seconds.  Spectra were analyzed with the use of X’Pert Plus software. 

2.4 Optical Studies via Ultraviolet-Visible Spectroscopy 
 
 Using an Agilent 8453 ultraviolet-visible spectrophotometer equipped with a 

tungsten and deuterium lamp, the absorbance spectra of both types of nanoparticles were 

acquired.  Scans were taken at 1 nm intervals with an integration time of 10 seconds from 

400 to 1100 nm.  Spectra were obtained at room temperature on solutions of equal 

concentration prior to and following purification.  Nanoparticle suspensions of 0.5 

mg/mL in chloroform were analyzed. 

2.5 Size and Morphology Studies using Scanning Electron Microscopy/Scanning 
Transmission Electron Microscopy (SEM/STEM) and High Resolution 
Transmission Electron Microscopy (HRTEM). 
 
 SEM and STEM images of both types of CuxS nanoparticles were acquired with 

the use of a HITACHI S-4800 scanning electron microscope.  The microscope is 

equipped with a cold field emission electron gun and resolution of 1 nm at 15 kV, and 1.4 

nm at 1 kV.  The magnification can vary from 20x to 800,000x with imaging voltages of 

100 V to 30 kV and has a STEM detector.  Images of the CuxS nanoparticles were 

acquired by drop casting a 0.5 mg/mL solution of purified nanoparticles in isopropyl 

alcohol onto carbon coated 400 mesh copper grids.  Using an accelerating voltage of 20 

kV and an emission current of 5 µA both SEM and STEM images were obtained.    

 To acquire the HRTEM images, the sample preparation was the same as for the 

SEM data acquisition.  The figures were obtained using a HITACHI 8100 transmission 

electron microscope, which can reach up to 200 kV with a high brightness LaB6 electron 
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source.  The instrument offers phase contrast better than 0.26 (point) and 0.14 nm (line).  

In addition to this it is equipped with small probe forming lenses for nanodiffraction and 

hollow-cone illumination.  There is a heating stage and a liquid nitrogen cooling stage 

coupled with a charged coupled device high resolution camera.  

2.6 Surface Roughness and Morphology Analysis using Atomic Force Microscopy 
and Template Stripped Gold. 
 
2.6.1 Method for Preparing Template Stripped Gold 
 
 Methods were adapted from Alloway, Thundat, and Aliganga [33-35].  Three 

mica slides were placed in a vacuum chamber and heated at 300oC for 10 hours under 

vacuum at 10-6 torr to remove any volatile contaminants.  The substrates are then allowed 

to cool to room temperature prior to deposition of gold onto mica.  While under vacuum a 

deposition well containing multiple pieces of gold shot is connected to a power supply 

with variable current applications.  The current is initially set to 60 amps and then slowly 

increased to 110-120 amps until a deposition rate of 5 angstroms per second is achieved.  

The rate is monitored via a quartz crystal microbalance, QCM.  The mica substrates are 

then moved over the deposition well to allow for the gold to deposit onto the substrates.  

Using a deposition counter the gold is allowed to deposit until 150-200 nm of gold on the 

mica are achieved. 

 Following the deposition process, clean glass substrates are glued to the gold 

surface using epoxy that contains 10 parts resin and 1 part activator.  The epoxy was 

applied to the gold surface and the glass substrates were placed onto the epoxy.  The 

samples were placed in an oven at 200oC under nitrogen for at least one hour to fully cure 
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the epoxy.  Once dried and cooled, the glass substrate was pulled away from the mica, 

giving an ultra-smooth gold surface on a glass substrate. 

2.6.2 Surface Probing Using Atomic Force Microscopy (AFM) 

 Using a Dimension 3100 Digital Instruments Nanoscope atomic force 

microscope, digital scans of the surfaces of both types of nanoparticles were acquired.  

Images were obtained by scanning a 0.5 mg/mL solution of nanoparticles drop cast onto 

template stripped gold.  Tapping mode atomic force microscopy, AFM, with Micromasch 

silicon cantilevers were used at a rate of 0.5 Hz. 

2.7 Measurement of Binding Energy of Core and Valence Electrons using X-Ray 
Photoelectron Spectroscopy (XPS), and Ultraviolet Photoelectron Spectroscopy 
(UPS). 
 
 XPS studies were performed with a Kratos Axis-Ultra X-Ray Photoelectron 

Spectrometer equipped with a monochromatic Al Kα (1486.6 eV), and Mg Kα (1253.6 

eV) source.  Multiple scans were taken in different energy regions between 0 and 1000 

eV of binding energy with a pass energy of 20 eV, step size of 0.1 eV, dwell time of 150 

ms, and a pressure of 10-8 torr.  Samples were prepared by pressing approximately 20 mg 

of purified nanoparticles into indium foil taped onto a clean stainless steal stud using 

double sided carbon coated tape. 

 UPS measurements were completed using the same spectrophotometer as for the 

XPS studies, equipped with a He I (21.2 eV) discharge lamp.  Multiple scans were 

performed in various energy regions between 12 and 34 eV of kinetic energy with a pass 

energy of 5 eV and a pressure of 10-8 torr.  Scans were taken on nanoparticles on gold 

substrates containing a single layer of 1,6-hexanedithiol. 
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2.8 Ligand Analysis using Infrared Spectroscopy (IR) 
 
 With a Nicolet 550 Series II Infrared Spectrometer multiple scans were taken of 

both types of CuxS nanoparticles drop cast onto sodium chloride plates.  Nanoparticle 

solutions of 0.5 mg/mL in chloroform were placed on the plates and enough time was 

given to allow the excess solvent to evaporate.  Multiple scans were taken between 1800 

and 500 cm-1, with an integration time of 30 seconds at 1 cm intervals.  To help remove 

water from the system and improve the signal to noise ratio, the IR was purged free of 

oxygen with a nitrogen source and the detector was cooled using liquid nitrogen. 

2.9 Determination of Mass Percent of Ligands Using Thermogravimetric Analysis 
(TGA) 
 
 Using a Hewlett-Packard HP Thermogravimetric Analyzer, spectra that record the 

weight percent as a function of temperature were obtained for both types of CuxS 

nanoparticles.  In acquiring the data 1-10 mg of sample were placed in a platinum balance 

and heated.  Under an inert atmosphere created from a stream of argon, the temperature 

was raised from 32oC to 600oC at a constant rate of 10oC per minute. 

2.10 Photovoltaic Device Manufacturing and Testing Procedures 

 Indium tin oxide (ITO) pieces having an area of 1 cm2 were cleaned multiple 

times under sonication using Triton X-100, tap water, 18 Millipore water, and ethanol.  

After cleaning, hydroiodic acid, HI, was used to etch away a homogenous surface on the 

ITO.  The acid was washed away with multiple rinsings using distilled water.  A thin 

layer of poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS), was 

spin cast onto the ITO for 1 minute at 3300 rpm.  A nanoparticle solution of 0.5 mg/mL 

in hexanes was spin cast onto the ITO substrate containing a single layer of PEDOT:PSS.  
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The sample was then transferred to a deposition chamber under vacuum less than 10-6 

torr.  A single layer of C60 was deposited between 390 and 435oC at a rate of 1.3-2 Hz/s.  

Following deposition of the C60, the substrate was allowed to cool to 57oC.  After 

cooling, a layer of bathocuproine (BCP), was deposited between 190 and 200oC at a rate 

of 1.1 Hz/s, and then allowed to cool to room temperature.  Following the deposition of 

the thin layer of BCP, approximately 100 nm of aluminum were deposited into various 

locations on the substrate to define several device areas, as shown in figure 2.10.1.  

Following the construction of the device, its electronic properties were tested using 

multiple leads capable of measuring the short-circuit current density as a function of 

applied voltage both in the dark and under illumination.  Using a single source light with 

an intensity of 100 mW/cm2, the short-circuit current density was measured with an 

applied voltage from -1.00 to 1.50 volts in increments of 0.020 volts, a dwell time of 5.00 

ms, with a testing area of 0.019 cm 2.   
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Figure 2.10.1.  Schematic illustration of device areas and top aluminum contacts.   
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CHAPTER 3 
 

ELEMENTAL COMPOSITION CHARACTERIZATION OF THE NANOCRYSTALS 
 

3.1 Introduction 
 
 Following the synthesis and purification of both types of CuxS nanoparticles, their 

chemical composition was analyzed using x-ray photoelectron spectroscopy and infrared 

spectroscopy in order to measure the binding energies of the core electrons and to 

determine the presence of copper and sulfur and the ligands present on the surface. The 

importance of this data will help to identify the oxidation states of the product and their 

electronic properties for application in a multilayer solar cell.  The goal of this study is to 

determine the binding energies of the core electrons which lie below the valence band in 

a semiconductor.  Such analysis will give further insight into the products obtained from 

both syntheses as well as their band structure.   

X-ray photoelectron spectroscopy (XPS), is a widely used analytical method for 

investigating elemental composition and the core electrons of the elements that are 

present on the surface and interior of the sample.  XPS uses soft x-ray radiation of 200 to 

2000 eV in order to excite the core electrons within the atoms being analyzed.  More 

specifically, a photon is absorbed by an atom in the sample which leads to ionization and 

the emission of a core electron, as shown in figure 3.1.1.  As shown in figure 3.1.1 the 

core electrons emitted from the sample have a known binding energy, BE.  Each element 

in the periodic table produces a characteristic XPS spectrum at defined binding energy 

values.  This energy is a direct measure of the energy required to remove an electron 

from its initial level to vacuum level and can be calculated from equation 3.1.1. 
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Figure 3.1.1.  Schematic illustration of the general process in x-ray photoelectron 
spectroscopy. 
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KE = hν – BE        (3.1.1) 
 
where KE is the kinetic energy of the electrons emitted from the sample, hν is the energy 

of the incident x-rays, and BE is the binding energy of the electrons emitted from the 

atoms within the sample.  Figure 3.1.1 shows that the binding energy is measured with 

respect to the vacuum level. 

The energy of the incident x-rays can vary depending on the experiment.  The two 

most common photon energies used are Al Kα (1486.6 eV) and Mg Kα (1255.6 eV).  The 

primary energy used for the present study is Al Kα radiation unless otherwise noted.  It is 

expected that for the CuxS nanoparticles, the core electrons of copper and sulfur will be 

emitted, along with oxygen and carbon.  Although these core electrons will be 

investigated, the presence of the ligands on the nanoparticle surface is also important and 

was studied by infrared spectroscopy. 

Infrared spectroscopy measures the stretching vibrations of the bonds between the 

atoms within molecules.  It is a commonly used method to qualitatively analyze the 

ligands present on the surface of the nanoparticles.  When synthesizing CuxS 

nanoparticles using copper (II) acetylacetonate and 1-dodecanethiol, the 1-dodecanethiol 

acts as the reducer, the source of sulfur, and the ligand.  However, when the nanoparticles 

are synthesized with the addition of ammonium diethyldithiocarbamate and oleic acid, 

these new reactants can act as ligands on the surface.  The structures for 1-dodecanethiol, 

C12H26S, and oleic acid, C16H34O2, are given in figure 3.1.2.  The standard IR spectra for 

both 1-dodecanethiol and oleic acid are very similar to one another in the location of the 

stretching vibrations.  Figures 3.1.3 and 3.1.4 give the IR spectra for 1-dodecanethiol and  
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Figure 3.1.2.  Organic structures of 1-dodecanethiol (a), and oleic acid (b).  
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Figure 3.1.3.  IR spectrum of 1-dodecanethiol. 
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Figure 3.1.4.  IR spectrum of oleic acid.    
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oleic acid with wavenumber (cm-1), on the x-axis and % transmittance on the y-axis.  The 

strong peak near 3000 cm-1 in both spectra indicates the stretching vibrations of C-H with 

an sp3 hybridized carbon.  One difference is a small peak directly above 3000 cm-1 in 

figure 3.1.4 which is due to the sp2 hybridization of the C-H stretching in oleic acid.  The 

C=C double bonds are stronger than the C-C single bonds and therefore result in the sp2 

hybridization vibrating at a greater wavenumber.  There are also other important 

distinctions between the two spectra.  For example, the IR spectrum of oleic acid shows a 

small peak near 3600 cm-1, corresponding to the alcohol, O-H group.  The ketone, R-

C=O, stretching vibrations yield a peak at 1700 cm-1.  Finally, in figure 3.1.3, there is a 

peak at 719 cm-1 due to the stretching vibrations of the C-S bond.  All of these features 

are important for analyzing the ligands present on nanoparticles.  For the present study, 

both types of nanoparticles were drop cast separately onto sodium chloride salt plates, the 

excess solvent was allowed to evaporate, and the stretching frequencies were measured. 
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3.2  Investigation of the Binding Energy of the Core Electrons in the CuxS 
Nanoparticles 
 
 Two types of methods were carried out in synthesizing the CuxS nanooparticles.  

In synthesis I, the only two precursors were copper (II) acetylacetonate and 1-

dodecanethiol.  In the second synthesis, the four precursors were copper (II) 

acetylacetonate, 1-dodecanethiol, oleic acid, and ammonium diethyldithiocarbamate.  

Compositional and core electron studies were carried out on both types of CuxS 

nanoparticles.  After purifying the nanoparticles and drying them down to a powder, 

samples were pressed onto indium foil on a stainless steal stub and put under vacuum for 

analysis with x-ray photoelectron spectroscopy.  Using Al Kα radiation, the binding 

energy of the core electrons was measured.  The XPS measurements of the nanoparticles 

were obtained in the binding energy regions for copper 2p, copper Auger, (LMM), sulfur 

2p, and carbon 1s.    Figure 3.2.1 shows the Cu 2p XPS spectrum for the nanoparticles 

synthesized using copper (II) acetylacetonate and 1-dodecanethiol at 200oC for 5 minutes 

and 4 hours.  In measuring the core electrons of copper there are two peaks which can be 

classified as the Cu 2p1/2 and Cu 2p3/2 energy levels near 952 eV and 932 eV, 

respectively.  As will be justified later in this section, thecopper 2p peaks for both 

syntheses are higher than 932 and 952 eV by approximately 2 eV, due to a shift in the 

carbon spectrum.  Even though there is a shift in energy, there is still a difference in the 

location of the Cu 2p1/2 and Cu 2p3/2 peak locations between 5 minutes and 4 hours of 

growth time.  A more detailed analysis shows that by increasing the synthesis time from 5 

minutes to 4 hours the copper binding energies for these core electrons change by 1 eV.  

This effect can be attributed to increasing the nanoparticle diameter over time or changes  
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Figure 3.2.1.  XPS spectrum of the Cu 2p core electron levels of the Cu1.94-1.96S 
nanoparticles synthesized for 5 minutes and 4 hours with copper (II) acetylacetonate and 
1-dodecanethiol. 
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in the oxidation state.  As the diameter of the particles increase, the binding energy of the 

copper 2p core electrons also increase.  The larger the nanoparticles, the stronger bound 

the atoms are to one another.  In addition to size effecting the spectrum, so can the 

oxidation state of the nanoparticles, and specifically the copper.  The oxidation state of 

copper cannot be determined from the copper 2p peaks because experimentally the 2p 

binding energies of the Cu0 and CuI oxidized states are indistinguishable.  However, the 

oxidized state of Cu can be determined from the Cu LMM Auger peak, shown in figure 

3.2.2.  By taking into account the binding energies of the core electrons in figures 3.2.1 

and 3.2.2 a quantity called the Auger parameter, defined as α, can be calculated and is 

given equation 3.2.1. 

α = KEA –KEP = BEP-BEA      (3.2.1) 

where KEA is the kinetic energy of the Auger lines, and KEP is the kinetic energy of the 

photoelectron lines.  The α parameter is then compared with known values for a specific 

element to determine the oxidation state.  When all the kinetic energies and binding 

energies are referenced to the Fermi level, the relationships in equations 3.2.2 and 3.2.3 

are established. 

  KEP = hν – BEA       (3.2.2) 

  KEA + BEP = hν + α       (3.2.3) 

or the sum of the kinetic energy of the Auger line and the binding energy of the 

photoelectron line equals the Auger parameter plus the photon energy.  In analyzing the 

Cu 2p and Cu Auger peaks, the Auger parameter can be calculated.  The Auger parameter 

for the nanoparticles synthesized at 5 minutes is 1848.35 eV; when comparing this value  
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Figure 3.2.2.  XPS spectrum of the Cu LMM Auger core electron levels of the Cu1.94-

1.96S nanoparticles synthesized for 5 minutes and 4 hours using copper (II) 
acetylacetonate and 1-dodecanethiol.  
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to known α values for copper, the oxidation state is found to be +1.  The α parameter for 

the 4 hour synthesis is 1850.35 eV, which is an oxidation state of 0.   

In addition to measuring the binding energy of the Cu 2p and CuLMM Auger core 

electrons, the binding energies for the C 1s and S 2p core electrons were also measured.  

The C 1s peak shown in figure 3.2.3 has a binding energy of 286.5 eV, and the S 2p peak 

in figure 3.2.4 has a binding energy of 164.2 eV.  The carbon peak in figure 3.2.3 arises 

from exposing the nanoparticles to air and the presence of ligands on the surface of the 

nanoparticles.  In the current system, the carbon peaks for both the 5 minute and 4 hour 

syntheses of djurleite nanoparticles appear at 286.5 eV.  Depending on the sample, the 

location of the C 1s peak will vary in binding energy.  A common reference binding 

energy for C 1s is 284.6 eV.  Any binding energies exhibited for carbon that are different 

than this are considered to be shifted in energy.  This shift will cause the sulfur and 

copper peaks to be 2 eV higher.  This can be seen in figure 3.2.1 with the copper peaks 

approximately 2 eV higher than 932 and 952 eV.  However, the copper peaks still have a 

difference in binding energy between 5 minutes and 4 hours, due to changes in the sizes 

of the nanoparticles.  This shift in energy does not effect the magnitude of the Auger 

parameter.  For sulfur, the shift in the carbon 1s binding energy must be accounted for 

when identifying the location of the S 2p peaks in figure 3.2.4. For example, there is a 

doublet in the sulfur peak at 163.8 eV that is distinguishable in the 5 minute spectrum and 

is not in the 4 hour spectrum due to instrument resolution.  Sulfur has many potential 

oxidation states.  Using reference binding energies the oxidation state of sulfur can be 

determined.  Based on the energy shift seen in figure 3.2.3 for carbon, the sulfur peak  
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Figure 3.2.3.  XPS spectrum of the C 1s core electron levels of the Cu1.94-1.96S 
nanoparticles synthesized for 5 minutes and 4 hours using copper (II) acetylacetonate and 
1-dodecanethiol. 
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Figure 3.2.4.  XPS spectrum of the S 2p core electron levels of the Cu1.94-1.96S 
nanoparticles synthesized for 5 minutes and 4 hours using copper (II) acetylacetonate and 
1-dodecanethiol. 
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needs to be calibrated to have a binding energy of 161.8 eV.  Compared to referenced 

values for the oxidation state of sulfur, it can be suggested that the sulfur present in the 

djurleite nanoparticles is in the S2- oxidation state.  Based on the XPS studies, increasing 

the reaction time from 5 minutes to 4 hours causes a change in the binding energy of the 

copper 2p peaks.  Carbon from the ligands and sulfur were confirmed to be in the 

nanoparticles.  Similar studies were carried out for the nanoparticles synthesized with 

copper (II) acetylacetonate, 1-dodecanethiol, oleic acid, and ammonium 

diethyldithiocarbamate and unexpectedly, there is no difference in the binding energies of 

the copper 2p peaks as discussed in the following section. 

 X-ray photoelectron spectroscopy of the Cu1.94-1.96S nanoparticles from synthesis I 

has shown that the binding energies for the copper 2p core electrons change by 1 eV from 

increasing the reaction time from 5 minutes to 4 hours. Interestingly when the binding 

energies for the copper 2p core electrons of the nanoparticles from synthesis II are 

measured, there is strong overlap in the spectra between 5 minutes and 4 hours of 

synthesis, as shown in figure 3.2.5.  The binding energies of the Cu 2p core electrons for 

the nanoparticles from synthesis II in figure 3.2.5 are similar to the nanoparticles in 

synthesis I in figure 3.2.1 where the binding energy of the Cu 2p1/2 core electrons is 

approximately 952 eV, and the Cu 2p3/2 core electrons is approximately 932 eV.  The 

main difference is that as the reaction time is increased from 5 minutes to 4 hours for the 

second synthesis of nanoparticles, the binding energy of the copper core electrons does 

not change.  The reason there is no shift in the peak is that the size distributions are 

similar for both amounts of growth time, and nanoparticle size is not as time dependent as  
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Figure 3.2.5.  XPS spectrum of the Cu 2p core electron levels of the Cu2S nanoparticles 
synthesized for 5 minutes and 4 hours using copper (II) acetylacetonate, 1-dodecanethiol, 
oleic acid, and ammonium diethyldithiocarbamate.    
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the nanoparticles in synthesis I.  Scanning electron microscopy studies will confirm this 

hypothesis in chapter 5.  Similarly, the Cu LMM Auger core electron binding energies 

are similar as the reaction time is increased, as shown in figure 3.2.6.  The Auger 

parameter is approximately 1848.8 eV which suggests that the Cu is in the +1 state for 

both reaction times of 5 minutes and 4 hours, and therefore does not change with 

increasing reaction time.  In addition to this the C 1s and S 2p core electrons exhibit 

binding energies that demonstrate the presence of carbon and sulfur in the nanoparticles, 

with S having an oxidation state of -2. 

XPS measurements on both types of CuxS nanoparticles has given insight into the 

composition, oxidation states, and size distribution of both types of copper sulfide 

nanoparticles.  Previous studies [20-28] suggest that as a bulk crystalline material, the 

copper in Cu2S easily oxidizes to form Cu2+ when exposed to air.  This oxidation of 

copper degrades the lifetime of the solar cell.  The present studies demonstrate that after 

exposing both the djurleite and chalcocite nanoparticles to air, the oxidation state of 

copper remains at +1 and 0.  This demonstrates that when synthesized in the nanoregime, 

there is an enhanced stability of the copper sulfide.  Previous studies in nanoparticle 

synthesis suggest that the enhanced stability is due to the presence of protecting ligands 

[33,43].  In order to evaluate which ligands are present on the surfaces of both types of 

nanoparticles, infrared spectroscopy was used. 
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Figure 3.2.6. XPS spectrum of the Cu LMM Auger core electron levels of the Cu2S 
nanoparticles synthesized for 5 minutes and 4 hours using copper (II) acetylacetonate, 1-
dodecanethiol, oleic acid, and ammonium diethyldithiocarbamate.  
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3.3  Analysis of the Ligands Present in the Nanoparticles 

Using infrared spectroscopy the different ligands present on the surfaces of both 

types of nanoparticles were analyzed.  IR spectra of both types of CuxS nanoparticles 

were obtained by dropcasting the nanoparticles onto salt plates and then letting the 

solvent evaporate.  Using the defined stretching frequencies discussed in previous 

sections for the ligands that are expected to be present, it will be possible to qualitatively 

determine the presence of different ligands on the surface of the nanoparticles.  

Representative IR spectra of the nanoparticles from synthesis I and II are shown in 

figures 3.3.1 and 3.3.2, respectively.  Based off of the syntheses, it is expected that the 

stretching vibrations of 1-dodecanethiol will be present in the IR spectra of both 

nanoparticles.  In addition to 1-dodecanethiol being there for the chalcocite nanoparticles, 

it is predicted that the stretching vibrations of oleic acid will appear as well.  Both types 

of CuxS nanoparticles show similar peaks in the IR spectra shown in figures 3.3.1 and 

3.3.2.  Looking at both figures, the vibrations for the symmetric (d+) and antisymmetric 

(d-) stretching vibrations of the methylene from 1-dodecanethiol are observed at 2920, 

2856 cm-1 [43].  The peak at 1460 cm-1 and 719 cm-1 are from the bending vibrations of 

methylene and stretching vibrations of C-S, respectively.  There is minimal variation 

between the two spectra for each type of nanoparticle, and they have a common ligand on 

their surface.  In addition to the 1-dodecanethiol being present on the nanoparticles from 

the second synthesis, it is also expected for oleic acid to be present.  However, the IR 

spectrum for 1-dodecanethiol and oleic acid are quite similar and difficult to discern from 

one another.  The additional peak above 3000 cm-1 in figure 3.3.2 indicates the sp2  
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Figure 3.3.1.  Representative IR spectrum of the Cu1.94-1.96S nanoparticles synthesized 
using only copper (II) acetylacetonate and 1-dodecanethiol between 5 minutes and 4 
hours. 
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Figure 3.3.2.  Representative IR spectrum of the Cu2S nanoparticles synthesized using 
copper (II) acetylacetonate, 1-dodecanethiol, ammonium diethyldithiocarbamate, and 
oleic acid between 5 minutes and 4 hours. 
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hybridization stretching vibration of the oleic acid.  Therefore, it appears that both the 1-

dodecanethiol and oleic acid are present in the second set of chalcocite nanoparticles.  

Having a basic understanding of which ligands may be present on the surface of the 

nanoparticles is important to their application in solar cell devices.  Charge transport in 1-

dodecanethiol versus other ligands, such as oleic acid and hydrazine, can strongly effect 

the stability and efficiency of the device.  It would be expected that with the addition of 

1-dodecanethiol to the synthesis of each type of CuxS nanoparticles, the nanoparticles are 

more stable and will not oxidize as easily as bulk CuxS, which lacks ligand protection.  

This hypothesis has been confirmed with XPS measurements which demonstrate minimal 

oxidation of the copper species within the nanoparticles.  

XPS has allowed for characterizing the core electron bands within both sets of 

nanoparticles.  These binding energies will offer further insight into the location of the 

HOMO and LUMO levels of both copper sulfide nanoparticles and their efficiency in 

charge transport when coupled to C60 in order to form a heterojunction.  XPS has 

confirmed the presence of both copper and sulfur suggesting successful synthesis of a 

copper sulfide product that does not easily oxidize when exposed to air.  As stated 

previously, copper sulfide can exist in multiple phases at room temperature, where each 

phase has unique crystal structures and optical properties.  From previous studies [18,32] 

when the present concentrations of precursor are mixed together at 200oC, djurleite 

nanoparticles are formed from using copper (II) acetylacetonate.  With the addition of 

ammonium diethyldithiocarbamate and oleic acid, chalcocite nanoparticles are 

synthesized.  In order to gain further insight into which phases of copper sulfide have 
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been synthesized from the present study, and to confirm this hypothesis, methods of x-ray 

diffraction and ultraviolet visible spectroscopy will be used.   
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CHAPTER 4 
 

DIFFERENT PHASES OF CuXS NANOPARTICLES 
 
4.1 Introduction 
 
 The phases of copper sulfide describe the copper deficiency and the chemical 

formula.  Chalcocite (Cu2S), djurleite (Cu1.94-1.96S), digenite (Cu1.8S), and covellite (CuS), 

are the four most common phases of copper sulfide at room temperature.  All four phases 

exist in nature and can be synthesized as bulk semiconductors and nanoparticles [5-9].   

Each phase has its own unique crystal structure and optical properties which can be tuned  

for solar cell application.  For example, chalcocite and covellite are both hexagonal 

whereas djurleite is monoclinic, and digenite is rhombohedral.  In addition to this the 

chalcocite has an indirect band gap of 1.2 eV, with a direct transition at 1.8 eV, whereas 

djurleite has a direct band gap of 1.83 eV.  These optical properties make copper sulfide a 

strong candidate as an absorbing layer for solar cell application.  For example, as stated 

previously, previous research suggests that semiconductors that can harvest the majority 

of the solar spectrum are those with band gaps between 1.0 and 1.7 eV.   

The crystal structures of each phase can be distinguished with the use of x-ray 

diffraction.  The crystal lattice, volume, and atomic spacing between atoms obtained from 

x-ray diffraction measurements gives further insight for identifying the phase of the 

nanoparticles.  The crystal structures of the bulk semiconductor can also be seen in the 

nanoparticles of copper sulfide [15-19,26].  Studying the crystal structures of 

nanoparticles is an attractive method for classifying the phase of copper sulfide.  

Therefore, x-ray diffraction is an important tool used to identify phases by comparison 
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with data from known structures.  Diffractograms and data analysis are carried out with 

the use of Bragg’s law as given in equation 4.1.1, 

nλ = 2dsinθ        (4.1.1)  

where λ is the wavelength of the incident radiation, d is the spacing between adjacent 

atoms, and θ is the angle of incident radiation upon the sample. 

Bragg’s law results from the interaction of x-rays with atoms in the material.  For 

example, x-rays incident upon a sample will either be transmitted, in which case they will 

pass through the sample without being subjected to a change in direction, or they will be 

scattered by the electrons of the atoms in the material.  The scattered x-rays have the 

ability to constructively interfere with each other.  The resulting constructive interference 

defines the spacing between atoms and gives diffractograms with distinct values of 2θ.    

As shown in figure 4.1.1, constructive interference occurs when two parallel x-rays from 

the same source scatter from two adjacent planes, resulting in their path difference being 

an integer number of wavelengths.  The angle between the transmitted radiation and the 

diffracted radiation is always equal to 2θ due to Bragg’s law. 

Researchers take advantage of both single crystal and powder x-ray diffraction in 

order to analyze samples.  Single crystal x-ray diffraction involves isolating a single 

crystal from a sample and measuring the spacing between atoms.  Powder x-ray 

diffraction uses multiple crystals agglomerated together in order to gauge various crystal 

parameters.  Due to the complications in acquiring a solitary nanoparticle for single 

crystal measurements, past research has focused on using powder x-ray diffraction  
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Figure 4.1.1.  Diffraction of incident x-ray beams and resulting angles between resulting 
patterns. 
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measurements when analyzing nanoparticles and will be the method used in the present 

study.   

The crystal structure of each phase directly effects the optical properties of the 

nanoparticles.  One of the most interesting properties of semiconductor nanocrystals is 

the change in optical properties as a function of size.  As the nanoparticles become 

smaller their band gap becomes larger, resulting in electronic excitations of higher 

energy.  This process is known as quantum confinement and results from changes in the 

density of electronic states.  The smaller the nanoparticles, the larger the band gap, and 

the smaller the width of the conduction and valence bands in the nanoparticles.  This 

phenomenon is summarized in figure 4.1.2.  Quantum confinement effects allow for 

tailoring a semiconductor material to efficiently absorb the most visible light in the solar 

spectrum.  In addition to absorbing more light, the band structure of the nanoparticles can 

change depending on the diameter of the nanoparticles making charge transfer at the 

interface between the nanoparticle donor layer and acceptor layer adjustable.  By 

controlling quantum confinement effects that occur in nanoparticles, one material can be 

used to effectively harvest solar power in several spectral regions by changing the size of 

the nanoparticles, resulting in changes in the band gap and a more efficient absorber for 

solar cell application.  However, if the nanoparticles are too large, they have the same 

characteristics as bulk materials and are no longer subjected to quantum confinement.  

Quantum confinement takes place when the radius of the nanoparticles is smaller than the 

radius of the bulk Bohr exciton of the material.  The bulk Bohr exciton radius is the 

characteristic separation distance between an electron and hole pair exciton, formed with  
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Figure 4.1.2.  Changes in magnitude of HOMO-LUMO gap from quantum confinement. 
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the absorption of a photon.  Quantum confinement no longer occurs when the diameter of 

the nanoparticle becomes equal to or greater than the diameter of the bulk Bohr exciton 

diameter.  For example, with a Bohr radius of 6-8 nm in CdSe, typical quantum 

confinement diminishes for CdSe nanoparticles with diameters larger than 8 nm.  It is the 

goal of the present study to investigate the quantum confinement effects and absorption 

properties of CuxS nanoparticles.  Past research has shown that when various phases of 

copper sulfide are synthesized at the nanolevel with diameters between 5 and 12 nm, 

changes in the size of the band gap occur [4].  The reported bulk Bohr exciton diameter 

of copper sulfide is between 12 and 15 nm [31-38], so if the diameter of the nanoparticles 

exceeds this range, they will not be subjected to quantum confinement and will have the 

same band structure and electronic properties of their respective bulk copper sulfide 

phases. 

Not only does nanoparticle size offer a way to control the magnitude of the band 

gap, the phase of the copper sulfide allows a range of band gaps to be achieved as well.  

For example, bulk chalcocite (Cu2S), undergoes a transition from having an indirect band 

gap of 1.2 eV to having a direct band gap of 1.8 eV, but djurleite (Cu1.94-1.96S) only has 

the direct transition of approximately 1.83 eV.  Past research efforts have shown that 

quantum confinement can take place in both djurleite and chalcocite nanoparticles 

resulting in semiconductors with band gaps between 1 and 3 eV [17, 31-43].  Using 

ultraviolet-visible spectroscopy, the optical transitions in the nanoparticles can be 

monitored.  Since the various phases of copper sulfide have both direct and indirect 

transitions, it is important to discern both transitions in the spectra.  In UV-Vis spectra 
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direct transitions are indicated by a relatively sharp peak at the energy, or wavelength of 

light, where absorption of a photon has excited an electron from the HOMO to the 

LUMO.  Characteristic indirect transitions in copper sulfide result in a continuous 

decrease in absorbance intensity as a function of wavelength [20-44].     

 To study size changes and optical properties of the CuxS nanoparticles in the 

present study, two synthetic methods were carried out using similar precursors.  In the 

first synthesis, copper (II) acetylacetonate and 1-dodecanethiol were used as the two 

precursors, where the 1-dodecanethiol served as the reducer of copper, the ligand on the 

nanoparticles, and the source of sulfur.  In the second synthesis, oleic acid and 

ammonium diethyldithiocarbamate were used in addition to copper (II) acetyacetonate 

and 1-dodecanethiol in order to synthesize a different phase of copper sulfide.  In 

synthesizing nanoparticles multiple variables can be investigated, such as synthesis time, 

temperature, injection temperature, relative concentrations of precursors, and ligands.  

The present study focuses on varying synthesis time, as well as starting material.  Initial 

studies used x-ray diffraction and absorbance measurements to determine the phase of 

each synthesis and to probe size effects on the electronic structure of two phases of 

copper sulfide nanoparticles. 
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4.2  Powder X-Ray Diffraction Measurements for Identifying Crystal Phase of CuxS 
Nanocrystals 
 
 Powder x-ray diffraction measurements were taken on purified nanoparticles by 

subjecting them to Cu Kα radiation with a wavelength of 1.54 Å.  Multiple 

diffractograms were acquired of the nanoparticles synthesized at various time intervals 

between 5 minutes and 4 hours for both synthetic methods.  When using copper (II) 

acetylacetonate and 1-dodecanethiol for synthesizing the nanoparticles, multiple 

diffraction peaks are observed at various values of 2θ.  Representative diffractograms for 

the syntheses using these two precursors are shown in figure 4.2.1 grown at 200oC for 5 

minutes, 15 minutes, 1 hour and 4 hours.  As expected, the locations of the peaks in 

figure 4.2.1 do not differ over time.  However, with an increase in growth time there is a 

change in the width of the peaks and their relative intensity.  Previous research using x-

ray diffraction for the analysis of materials with metals suggests that the greater intensity 

in the peaks is due to a heavier metal content [32].  The peak width, β, is measured as the 

full width at half maximum (FWHM) of the peak.  This quantity is inversely proportional 

to the crystallite size L, perpendicular to the incident plane of the sample, and is given by 

the Scherrer equation as given in equation 4.2.1, 

 L = 
θβ

λ
cos

          (4.2.1) 

where λ is the wavelength of the incident radiation.  Based on equation 4.2.1, the smaller 

the FWHM of the peak, the larger the crystallite size.  According to the results in figure 

4.2.1, increasing the growth time increases the size of the nanoparticles. 
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Figure 4.2.1.  X-ray diffraction pattern of the Cu1.94-1.96S nanoparticles synthesized using 
copper (II) acetylacetonate and 1-dodecanethiol for growth times between 5 minutes and 
4 hours.  
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Similar studies were performed on the second synthesis which uses copper (II) 

acetylacetonate, 1-dodecanethiol, oleic acid, and ammonium diethyldithiocarbamate.  

Diffractograms for the synthesis using these four precursors are shown in figure 4.2.2 

grown at 200oC for 15 minutes, 1 hour and 4 hours.  As shown in figure 4.2.2 the peaks 

in each of the diffractograms for the various growth times are very similar in location and 

FWHM.  These results indicate that the size of the nanoparticles synthesized using the 

four precursors in synthesis II is not time dependent.  In looking at both figures 4.2.1 and 

4.2.2 it can be seen that as growth time increases, the intensity of the peaks also 

increases.  This is to be expected because with more growth time, more of the copper (II) 

acetylacetonate will react and bind to the source of thiol in order to form the 

nanoparticles.  To compare the peak positions of the two different products, figures 4.2.3 

and 4.2.4 are shown.  The diffractograms for both types of CuxS nanoparticles are similar 

in location and intensity.  Although the nanoparticles have differing FWHM values, the 

peaks are located in similar positions of 2θ.  By using Bragg’s law in equation 4.1.1, the 

d spacing between the atoms in the materials can be calculated.  The results of these 

calculations are presented in table 4.2.1.  Even though the values of the d spacing are 

similar for the products of the two syntheses, they actually have different phases.  Powder 

diffraction data are used to identify crystalline materials.  An internal database of 

diffraction patterns was started in the 1930s and is regularly updated.  It is maintained by 

the international center for diffraction data, ICDD, formerly the joint committee for 

powder diffraction standards, JCPDS.  The database allows for identification of materials 

including different phases.  Figure 4.2.5 gives the peak list for the nanoparticles from  
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Figure 4.2.2.  X-ray diffraction pattern of the CuxS nanoparticles synthesized using 
copper (II) acetylacetonate, 1-dodecanethiol, oleic acid and ammonium 
diethyldithiocarbamate for growth times between 15 minutes and 4 hours. 
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Figure 4.2.3.  Representative x-ray diffraction pattern recorded on the Cu1.94-1.96S 
nanoparticles synthesized with only copper(II) acetylacetonate and 1-dodecanethiol. 

Synthesis I Cu1.94-1.96S 
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Figure 4.2.4.  XRD pattern recorded on the Cu2S nanoparticles synthesized using 
copper(II) acetylacetonate, 1-dodecanethiol, oleic acid, and ammonium 
diethyldithiocarbamate.     

Synthesis II Cu2S 
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Synthesis II Cu2S Synthesis I Cu1.94-1.96S 
2θ d-spacing(Ǻ) 2θ d-spacing(Ǻ) 

35.7o 1.32 37.8o 1.26 
37.8o 1.26 40.5o 1.19 
46.2o 1.07 46.2o 1.07 
48.9o 1.02 48.9o 1.02 
53.0o 0.96 51.1o 0.99 
54.2o 0.95 54.2o 0.95 
56.0o 0.93 57.2o 0.92 
58.9o 0.90   

Table 4.2.1.  D spacing values (in Å) for CuxS nanoparticles using two separate 
syntheses. 
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Figure 4.2.5.  (TOP) Peak list for XRD pattern recorded on the first type of Cu1.94-1.96S 
nanoparticles.  (Bottom) Referenced peak list of djurleite (JCPDS No. 230959).  
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synthesis I and the referenced pattern.  The experimental diffractogram in figure 4.2.5 can 

be indexed to djurleite and suggest that the nanoparticles are crystallized Cu1.94-1.96S 

(djurleite, JCPDS No. 23-0959: monoclinic, a = 26.897 Å, b = 15.745 Å, c = 13.565 Å).  

Previous x-ray diffraction studies on the products of a similar method of synthesis by 

Tang, et. al. agree with the results obtained in this study [32]. 

Similary, the peak lists and the corresponding reference pattern for the second 

type of CuxS nanoparticles is shown in figure 4.2.6.  The results shown in figure 4.2.6 

demonstrate that the CuxS nanoparticles synthesized using the second type of synthesis, 

involving the addition of oleic acid and ammoniumdiethyldithiocarbamate, have the Cu2S 

chalcocite crystal phase (chalcocite, JCPDS No. 26-1116: hexagonal, a = 3.9610Å, b = 

3.9610Å, c = 6.7220Å).  Products of a similar synthesis investigated with x-ray 

diffraction by Alivisatos et. al.[17] agree with the obtained diffractograms.  The 

diffractograms obtained in the present study suggest that when the nanoparticles are 

synthesized using copper (II) acetylacetonate and 1-dodecanethiol, the djurleite phase, 

Cu1.94-1.96S, is the product.  To gain a better understanding of how crystal phases affect 

the band gap, the optical properties were studied.  By changing the starting materials, the 

phase of CuxS can be controlled.  In this way, solar cells can be constructed using 

multiple phases of copper sulfide with distinct crystal and optical properties suitable for 

an efficient device. 

 

 
 
 
 



 90

 
 
 

 

 

Figure 4.2.6.  (TOP) Peak list for XRD pattern recorded of Cu2S nanoparticles.  (Bottom) 
Referenced peak list from chalcocite (JCPDS No. 26-1116). 
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4.3  Solution Absorbance Measurements 
 
 To determine how the phase and sizes of the copper sulfide nanoparticles effect 

the band gap, solution absorbance measurements were taken of the nanoparticles.  Scans 

in the ultraviolet visible region were performed on both types of CuxS nanoparticles by 

dispersing them in chloroform at room temperature immediately following their 

synthesis.  The absorbance spectra of the nanoparticles were taken at growth time 

intervals between 5 minutes and 4 hours of both phases of CuxS nanoparticles.  Figure 

4.3.1 shows how the absorbance of the djurleite nanoparticles changes as a function of 

growth time.  Between 5 minutes and 1 hour of growth there is a peak near 340 nm, 

which is characteristic of a direct band gap transition.  There is a slight shift in this peak 

over the range of 340 to 350 nm as the reaction time is increased from 5 minutes to 1 

hour.  Therefore, as the growth time is increased, the energy gap of the nanoparticles 

decreases.  This range of wavelength absorption corresponds to an optical band gap of 3.4 

to 3.6 eV.  As a bulk material djurleite has a direct band gap of 1.83 eV.  Therefore, the 

djurleite nanoparticles are experiencing an induced quantum confinement of 

approximately 1.77 eV.  Future research will focus on the determination of the optical 

band gap in the djurleite nanoparticles.  The diminishing of the peak as growth time 

increases suggests that the nanoparticles are becoming too large in diameter to be 

subjected to quantum confinement.  This size distribution is researched further with the 

use of imaging techniques in the following chapter.   

The absorbance spectra of the chalcocite nanoparticles show very different 

features than the djurleite.  Figure 4.3.2 shows that there is no peak at 340 nm.  However,  
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Figure 4.3.1.  Electronic absorption spectra of the djurleite Cu1.94-1.96S nanoparticles at 
time intervals between 5 minutes and 4 hours. 
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Figure 4.3.2.  Electronic absorption spectra of the Cu2S nanoparticles at time intervals 
between 5 minutes and 4 hours dispersed in chloroform at room temperature. 
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there is the onset of aborption near 700 nm along with a step feature at 500 nm.  This step 

feature appears due to the direct excitation of an electron across the band gap of the 

chalcocite nanoparticles; however, the decrease in absorbance towards zero over time 

signifies indirect band gap transitions.  The trends in the absorption spectra for the 

chalcocite nanoparticles are expected since bulk chalcocite has an indirect band gap of 

1.2 eV and a direct band gap of 1.8 eV.  The absorption increases gradually with photon 

energy starting at 700 nm, so the indirect band gap is calculated to be 1.77 eV.  

Compared to the bulk, there is a 0.57 eV confinement-induced increase in the indirect 

energy gap. 

Initial phase studies using x-ray diffraction and absorbance analysis methods 

suggest that the nanoparticles synthesized with copper (II) acetylacetonate and 1-

dodecanethiol are djurleite, Cu1.94-1.96S.  With the addition of oleic acid and ammonium 

diethyldithiocarbamate, chalcocite, Cu2S, nanoparticles are synthesized.  The information 

on the band gaps gathered from the absorption data support this conclusion.  Based on the 

x-ray diffractograms and absorption spectra it can be suggested that the nanoparticles are 

copper sulfide of separate phases, both capable of absorbing a large portion of the visible 

spectrum.  These nanoparticles should behave as a strong light absorbing layer necessary 

for efficient solar cell operation.  More importantly, as the sizes of the nanoparticles 

change, the electronic properties will change as well.  It is important to consider the size 

distributions of the nanoparticles and their monodispersity.  If the samples are 

polydisperse, multiple sizes will be present which can affect packing densities, and the 

electronic properties of the nanoparticles.  Therefore additional analysis needs to be 
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conducted on the surface morphology and diameter of both the djurleite and chalcocite 

nanoparticles.  This analysis can be accomplished with the use of atomic force 

microscopy and scanning electron microscopy.  The next chapter presents scanning 

electron microscopy and atomic force microscopy data. 
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CHAPTER 5 
 

INVESTIGATION OF THE SIZE AND MORPHOLOGY OF THE CuXS 
NANOPARTICLES 

 
5.1 Introduction 
 

Absorption spectroscopy and x-ray diffraction measurements have given further 

insight into the basic optical and phase properties of the CuxS nanoparticles.  When using 

copper (II) acetylacetonate and 1-dodecanethiol as the only two precursors, Cu1.94-1.96S 

nanoparticles form which are of the djurleite phase.  With the addition of oleic acid and 

ammonium diethyldithiocarbamate, Cu2S, chalcocite, nanoparticles are formed.  To gain 

a better idea of the size distributions and morphology of the nanoparticles various 

imaging methods were used.  By changing the sizes of the nanoparticles, the energy 

levels which comprise the valence and conduction bands can increase and decrease in 

energy, effecting the electronic transport properties.  It is important to know how the 

diameter of the nanoparticles changes with increasing reaction time for both synthetic 

methods.  Electron microscopy and atomic force microscopy are two widely used 

methods for analyzing surface morphology and topography. 

Scanning electron microscopy is a method that uses electrons rather than light to 

form an image.  By using SEM there is a large depth of field, which allows for a large 

amount of the sample to be in focus at one time.  Additionally scanning electron 

microscopy can produce images of high resolution, and closely spaced features can be 

examined at high magnification.  A scanning electron microscope analyzes a sample by 

focusing a beam of electrons on the sample and then measuring the photons and electrons 

emitted by the sample.  During operation a beam of electrons is generated in the electron 
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gun, located at the top of the instrument.  This beam of electrons is attracted through an 

anode, condensed by a condenser lens, and focused onto the sample by an objective lens.  

Scan coils within the instrument are energized by varying an applied voltage and in return 

create a magnetic field which can deflect the beam back and forth in a controlled pattern.  

Once the electron beam hits the sample, a multitude of photons and electrons are emitted 

as shown in figure 5.1.1.  The various electrons and photons emitted by the sample give 

different image features.  For example, both the secondary and the auger electrons give 

surface sensitive compositional information, whereas the x-rays and primary 

backscattered electrons provide atomic number and thickness morphology.  More 

specifically, the secondary electrons are produced by the interactions between the beam 

of electrons and weakly bound valence electrons of semiconductors. The secondary 

electrons which are emitted are then collected by a secondary detector or a backscatter 

detector, converted to a voltage, and then amplified.  The voltage that is amplified is 

applied to the grid of a cathode-ray tube within the instrument which then converts the 

voltage into an image.  There are also electrons which are transmitted through the sample 

that can provide high resolution imaging.  Therefore, many scanning electron 

microscopes are equipped with a scanning transmission electron microscope (STEM), 

detector, as shown in figure 5.1.1.  

 Although the secondary and auger electrons give topographical and surface 

sensitive compositional information, the surface probing method of atomic force 

microscopy (AFM) is used to gain further insight into the surface morphology of the 

nanoparticles and their heights and thickness.  AFM measurements are taken with the use  
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Figure 5.1.1.  Schematic illustration of photons and electrons emitted during SEM 
measurements.  
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of a microscale cantilever in order to scan the surface of the sample.  When the tip is 

brought close to the sample, forces between the tip and the sample lead to deflection of 

the cantilever according to Hooke’s law which is given in equation 5.1.1, 

  F = -kx         (5.1.1) 
 
where x is the distance that the spring has been stretched or compressed away from the 

equilibrium position.  Equilibrium is the position where the spring would naturally come 

to rest, F is the restoring force exerted by the material, and k is the force constant.  

Deflections in the tip occur as the cantilever moves across the sample [52-53].  The 

deflections are measured using a laser spot reflected from the top surface of the cantilever 

into an array of photodiodes, as shown in figure 5.1.2.  Atomic force microscopy uses 

multiple techniques for analyzing a sample.  The method for the present study is referred 

to as tapping mode AFM.  In this mode the cantilever is driven to oscillate up and down 

near its resonance frequency by a small piezoelectric element mounted in the AFM tip 

holder.  The oscillations of the tip decrease as the tip gets closer to the sample due to 

dipole-dipole interactions and Van der Waals forces.  From these interactions an image 

can be produced by imaging the force of the oscillating contacts of the tip with the 

surface.  During the present study SEM, STEM, HRTEM, and AFM measurements were 

taken on both types of CuxS nanoparticles in order to measure nanoparticle diameter, 

lattice fringes, and surface roughness. 
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Figure 5.1.2.  Schematic illustration showing operating function of cantilever deflections 
as it moves across the sample. 
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5.2  Initial Investigation of CuxS NP Growth using Electron Microscopy 
 
   Scanning electron microscopy studies were carried out on both types of 

nanoparticles that were drop cast separately onto carbon coated copper grids.  The main 

variable of focus for the present study is growth time and synthesizing the nanoparticles 

between 5 minutes and 4 hours at 200oC.  Initial SEM measurements indicate that when 

following both types of syntheses for making nanoparticles, any growth time below 5 

minutes results in nanoribbons as shown in the STEM images in figures 5.2.1 and 5.2.2 

for djurleite and chalcocite, respectively.  Further study shows that when increasing the 

growth time to intervals between 5 minutes and 4 hours using copper (II) acetylacetonate, 

1-dodecanethiol, oleic acid and ammonium diethyldithiocarbamate, the nanoparticles are 

hexagonal in shape, and polydisperse in diameter.  Figure 5.2.3 shows representative 

SEM images of these nanoparticles when synthesized between 5 minutes and 4 hours.  As 

shown in figure 5.2.3 the nanoparticles are hexagons and polydisperse in size with 

particle diameters varying from 20 to 200 nm.  Figure 5.2.3 (a) shows the nanoparticles 

synthesized at 5 mins, and (b) shows the particles synthesized at 4 hours.  The particles 

do not become more monodisperse in diameter with an increase in reaction time as 

confirmed in figure 5.2.4, which show the scanning transmission electron microscopy 

images for the Cu2S nanoparticles synthesized for 30 minutes and 1 hour.  From looking 

at figures 5.2.3 and 5.2.4, it can be seen that the nanoparticles stack on two different 

faces.  When they stack on the {110} face they appear as hexagons.  However, when they 

stack on the {002}, face they appear as nanorods.  A more detailed schematic illustrating 

this feature is shown in figure 5.2.5.  Sigman, et. al. [42] suggests that the internal  
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Figure 5.2.1.  STEM image of Cu1.94-1.96S nanoparticles synthesized at 200oC for less 
than 5 minutes using copper (II) acetylacetonate and 1-dodecanethiol. 
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Figure 5.2.2.  STEM image of Cu2S nanoparticles synthesized at 200oC for less than 5 
minutes using copper (II) acetylacetonate, 1-dodecanethiol, oleic acid, and ammonium 
diethyldithiocarbamate.  
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Figure 5.2.3.  Scanning electron microscopy images of Cu2S nanoparticles synthesized 
using copper (II) acetylacetonate, oleic acid, 1-dodecanethiol, and ammonium 
diethyldithiocarbamate synthesized for 5 minutes (a) and 4 hours (b).  Scale bar 100nm. 

(a) 
(b) 
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Figure 5.2.4.  STEM images acquired of the hexagonal Cu2S nanoparticles at time 
intervals of 30 min (a), and 1 hour (b).  Scale bar 50 nm. 
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Figure 5.2.5.  Schematic representation of the stacking features of the hexagonal 
nanoparticles. 
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002 
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crystallinity influences the nanocrystal shape; as different crystal planes exhibit different 

surface energies.  Materials with anisotropic crystal structure, such as hexagonal 

materials, are subject to anisotropic growth because the {002} planes (those 

perpendicular to the c-axis) exhibit significantly different surface energies as compared to 

the {100} and {110} crystal planes.  The nanodisks which are lying on their side conform 

into faceted platelets as a result of limited growth in the {002} direction.   

 A detailed analysis of both the {110} and {002} crystal planes of the hexagonal 

Cu2S nanoparticles was carried out using HRTEM.  Figure 5.2.6 shows the atomic 

spacing of the hexagonal nanoparticles on the {110} face.  The lattice spacing of the 

atoms is comparable to the {110} crystal face obtained from the powder x-ray diffraction 

measurements.  For example, the {110} plane analyzed from x-ray diffraction 

measurements at 46.2o suggests that the atoms have a spacing of approximately 0.107nm, 

which is in good agreement with the HRTEM images.  In addition to these 

measurements, HRTEM images were acquired for the {002} crystal plane which are 

shown in figure 5.2.7.  As shown in figure 5.2.7 the hexagonal nanoparticles lying on the 

{002} crystal plane have an atom spacing of less than 1nm.  This result is also in good 

agreement with the powder x-ray diffraction measurements.  From the data in table 4.2.1, 

the chalcocite nanoparticles have a d-spacing of 0.095nm for the {002} crystal face at 

54.2o.  The HRTEM images suggest that the hexagonal nanoparticles are single 

crystalline structures with homogenous interstitial atom spacing on the different faces of 

the nanoparticles.  These single crystalline features make the chalcocite nanoparticles 

optimal for solar cell application.  Single crystal semiconductors work well for use in  
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Figure 5.2.6.  HRTEM image of the hexagonal nanoparticles with electron beam incident 
to the {110} crystal face. 
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Figure 5.2.7.  HRTEM image of the hexagonal nanoparticles with electron beam incident 
to the {002} crystal face. 
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solar cells due to their uniform electronic properties.  With polycrystalline materials, 

there can be frequent variation in the electronic properties due to changes in the crystal 

structures. 

 The same studies were performed for the djurleite Cu1.94-1.96S nanoparticles 

synthesized using copper (II) acetylacetonate and 1-dodecanethiol.  Representative 

images of the spherical nanoparticles are shown in figure 5.2.8 at various time intervals.  

Analysis of the djurleite nanoparticles suggests that there is an increase in diameter from 

approximately 8-20 nm as a function of growth time.  The particles are monodisperse and 

uniform in shape and composition.  Further study showed that after 4 hours of growth the 

particles did not increase in diameter and remained monodisperse and spherical.  In 

addition to the STEM measurements HRTEM images were acquired for the spherical 

nanoparticles.  A representative HRTEM image for the spherical nanoparticles is shown 

in figure 5.2.9.  These digital scans suggest that the spherical nanoparticles are single 

crystalline structures with spacing between the interstitial atoms of approximately 0.1nm.  

This spacing is in good agreement with the powder x-ray diffraction measurements 

acquired for these nanoparticles.  According to the data presented in table 4.2.1, and the 

diffractogram in figure 4.2.3, there is a peak located at 2θ of 46.2o, which corresponds to 

the {110} miller indice of the nanoparticle.  The d-spacing value obtained from 

measurement is approximately 0.107nm.  

When using only copper (II) acetylacetonate and 1-dodecanethiol as the only two 

precursors for the synthesis, spherical nanoparticles are obtained.  With the addition of 

oleic acid and ammonium diethyldithiocarbamate the nanoparticles become hexagonal in  

(a) (b) 
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Figure 5.2.8.  STEM images acquired of the spherical CuxS nanoparticles at time 
intervals of 5min (a), 15min (b), 30min (c), 1hr (d), 4hr (e), 12hr (f), each with a 50nm 
scale bar.   

(c) (d) 

(e) (f) 
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Figure 5.2.9.  HRTEM image of spherical platelets lying flat on the substrate with the 
electron beam incident from the {110} direction.  
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shape, and polydisperse in size distribution.  Using electron microscopy the diameters of 

the nanoparticles were able to be determined.  To further investigate the surface 

morphology of the nanoparticles and their stacking features, both the spherical and 

hexagonal nanoparticles were suspended in hexanes and spin cast at 3000 rpm for 1 

minute onto ITO substrates containing a single layer of PEDOT:PSS.  ITO has a rough 

surface that is inhomogeneous.  To create a more uniform layer for the nanoparticles to 

bind to, a single layer of PEDOT:PSS is spin cast onto the ITO that is 100-200 nm thick.  

As shown in figure 5.2.10, both the spherical and hexagonal nanoparticles have the 

ability to cluster together to form larger aggregates consisting of thousands of 

nanoparticles.  Using a higher magnification, Figures 5.2.11 and 5.2.12 show how the 

spherical and hexagonal nanoparticles pack together within these aggregates.  Figures 

5.2.10 through 5.2.12 demonstrate the packing abilities of both types of CuxS 

nanoparticles.  The hexagonal nanoparticles make disordered clusters, but the spherical 

nanoparticles appear more ordered.  To gain more insight into the thickness of the 

nanoparticles and the relative heights of the clusters formed, atomic force microscopy 

was used. 
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Figure 5.2.10.  SEM images of both the spherical (a) and hexagonal (b) nanoparticles 
spin cast onto ITO substrates containing a single layer of PEDOT:PSS.  Scale bar is 2.00 
µm. 
 
 

(a) (b) 
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Figure 5.2.11.  SEM images of the hexagonal nanoparticles spin cast onto ITO substrates 
containing a single layer of PEDOT:PSS.  Scale bar is 1 µm.  
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Figure 5.2.12.  SEM images of the spherical nanoparticles spin cast onto ITO substrates 
containing a single layer of PEDOT:PSS.  Scale bar is 50 nm. 
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5.3 Atomic Force Microscopy Studies for Surface Analysis of Nanoparticles 
 
 Atomic force microscopy (AFM) is a powerful technique used to determine 

sample thickness, stacking heights, and surfaces morphology.  In order to build an 

efficient solar cell, the thickness and topography features of the different layers must be 

well understood.  SEM indicates that the nanoparticles pack together to form large 

clusters.  AFM will determine how tall the clusters are and how uniform in height they 

can become.  After drop casting solutions of the nanoparticles onto template-stripped 

gold substrates, AFM images were acquired using tapping mode measurements.  Figures 

5.3.1 and 5.3.2 are representative AFM images for the spherical Cu1.94-1.96S nanoparticles 

when synthesized at 200oC for 4 hours.  The larger nanoparticles were chosen to be 

imaged because of convolution effects from the tip.  More specifically, the diameter of 

the AFM tip is approximately 25 nm.  It is difficult to image features that are smaller than 

25 nm in diameter with a high resolution due to interference with the tip and sample.  

SEM has indicated that the largest diameter that can be obtained for the Cu1.94-1.96S 

nanoparticles is 20 to 22 nm at 4 hours of growth at 200oC.  Therefore, these 

nanoparticles were chosen to be scanned. The images in figures 5.3.1 and 5.3.2 show 

typical stacking features and covering patterns of the spherical particles when drop cast 

onto gold. From figure 5.3.1 the particles can agglomerate into larger structures 

exceeding 500nm in height.  Using digital instruments nanoscope software, a section 

analysis performed on the spherical nanoparticles results in an average diameter of 

20±0.5 nm per nanoparticle.  The average diameter obtained from AMF strongly 

corresponds to the measurements acquired using electron microscopy.  The root mean  
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Figure 5.3.1.  Representative AFM image of the spherical Cu1.94-1.96S nanoparticles when 
drop cast onto template stripped gold. 
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Figure 5.3.2.  Representative AFM image of the spherical Cu1.94-1.96S nanoparticles with 
a data scale of approximately 300 nm. 
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square (RMS) surface roughness, which measures the average roughness of a surface is 

calculated to be 1.34±0.2 nm.  The surface roughness for the template stripped gold 

created in this study was measured to be 2.5±0.1 nm, which follows well with previous 

studies [53].  Therefore, the surface roughness of the spherical nanoparticles is 

comparable to that of a smooth surface such as template stripped gold.  An example of 

the cross-sectional analysis using the digital instruments software in order to calculate 

surface roughness is given in figure 5.3.3.  The same analysis was performed on the Cu2S 

nanoparticles synthesized at 200oC for 4 hours.  Figure 5.3.4 shows the nanoparticle 

coverage by the hexagon shaped nanoparticles on template stripped gold substrates.  The 

homogenous features on the left side of the scan are the gold surface.  The average 

stacking size of the particles is approximately 250±0.5 nm, which is much greater than 

that of the spherical particles from figure 5.3.1.  As evident from the topography image 

on the right in figure 5.3.4, the hexagonal particles do not pack together as homogenously 

as the spherical nanoparticles.  Figure 5.3.5 shows the AFM of the hexagonal 

nanoparticles on a much smaller scale of approximately 300 nm in order to determine the 

roughness of each individual nanoparticle.  Similar to the electron microscopy studies 

presented in the previous section, AFM scanning of the hexagonal nanoparticles shows 

that they are polydisperse in diameter with sizes ranging from 75 to 200 nm.  Section 

analysis suggests that the nanoparticles have an average surface roughness of 2.360±0.2 

nm and a thickness of 3.759nm as shown in figure 5.3.6.  The surface roughness for the 

hexagonal nanoparticles is comparable to that of the spherical particles.  However, as also 

confirmed by SEM measurements, the diameters for the hexagonal particles vary more  
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Figure 5.3.3.  Section analysis from figure 5.3.2.  The vertical distance is ±10nm. 
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Figure 5.3.4.  Representative AFM image of hexagonal nanoparticles drop cast onto 
gold, including 3D topography image presented on the right. 
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Figure 5.3.5.  Representative AFM image of the hexagonal Cu2S nanoparticles 
synthesized for 4 hours and drop cast onto TSG substrates with topographical imaging on 
the right.   
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Figure 5.3.6.  Representative section analysis of the hexagonal Cu2S nanoparticles.  The 
vertical distance scale bar is 20±0.5nm. 
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and result in a sample of polydisperse particles.  When comparing the sample coverage of 

both types of particles, it is evident that the spherical nanoparticles pack more uniformly 

with less surface roughness.  The topography features of both nanoparticles will directly 

effect the amount of ligand present on each of the nanoparticles.  The type and amount of 

ligand present on the nanoparticles can change the charge transport properties of the 

nanoparticles.  Different size nanoparticles will have differing concentrations of ligand 

present on the surface.  Depending on the type, and concentration, of ligand present on 

the surface of the nanoparticles the charge mobility can be enhanced or diminished.  

Chapter 3 qualitatively discussed the presence of bound ligands of 1-dodecanethiol and 

oleic acid to the spherical and hexagonal nanoparticles.  To quantitatively describe the 

amount of these ligands present, thermogravimetric analysis is used. 
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5.4 Quantitative Determination of the Amount of Ligand Present on Both the 
Spherical and Hexagonal CuxS Nanoparticles. 
 

Thermogravimetric analysis (TGA) is a method for determining changes in weight as 

a function of temperature.  It is a commonly used method for determining characteristics 

such as the degradation temperatures of polymers, the absorbed moisture content of 

materials, and the level of inorganic and organic components in certain compounds.  

During analysis, the sample is placed in a platinum balance and the system is purged free 

of oxygen using argon.  The temperature is raised gradually from 32oC up to 1000oC at 

various rates depending on the amount of moisture or metal present in the sample.   

 Various research groups have created ligand packing models in order to 

quantitatively analyze the amount of ligand present on the surfaces of nanoparticles.  For 

example, Foos et. al. [48], describes the number of binding sites to the surface by 

equation 5.4.1. 

coreorg
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org MSM

SM
X

+
=

γ

γ
        (5.4.1) 

where Xorg is the mass fraction of organic material, S is the number of surface atoms 

bound to the ligands, Morg is the mass of organic encapsulating groups, Mcore is the mass 

of the nanoparticle core, and γ is the fraction of surface atoms which are bonded to 

coordinating species.  Each of the variables in equation 5.4.1 can be solved for separately.  

The fraction of surface atoms bonded to coordinated species, γ, is given by equation 

5.4.2. 
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In addition to this definition, the following equations define the variables in the functions 

given in 5.4.1 and 5.4.2,   
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where r is the radius of the nanoparticle core, N is the number of nanoparticle units per 

unit cell, V is the volume of a unit cell, NA is Avogadro’s Number, MWNP is the formula 

weight of the nanoparticle, and d is the bond length of the atoms in the nanoparticles.  

Therefore, by measuring the weight lost during the TGA experiment and measuring the 

size of the nanoparticle core, the packing of the ligands can be estimated as a function of 

size.   

 Using results from the thermogravimetric analysis and the geometric analysis 

methods, ligand coverage can be determined.  Multiple groups have used geometric 

calculations in order to model ligand packing on various nanoparticle surfaces.  Bullen et. 

al., used cone shapes to represent the ligands on the surface of an ideal spherical 

nanoparticle.  A schematic diagram of this model is presented in figure 5.4.1 [46].  As 

described by Bullen and Mulvaney the actual maximum number of ligand cones that can 

fit on the surface area of a sphere can be estimated by dividing the total surface area of a 

spherical nanoparticle of radius r = aNP + lengthligand by the area of the circular base of a 

ligand cone.  Surface coverage corresponds to the maximum number of cones divided by 

the number of surface atoms.  Using 1-dodecanethiol in the described model, the cone 

footprint is assumed to have a circular cross-section with a radius of 2.70 Å and an area  
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Figure 5.4.1.  Ligand cones modeling geometry for surface coverage on nanoparticles 
[46]. 
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of 22 Å2.  From the ligand packing model, a higher percentage of coverage can be 

achieved on smaller particles, which is due to the larger radius of curvature for smaller 

particles as compared to larger spherical particles. 

 Thermogravimmetric analysis (TGA) studies support the ligand packing model 

for the spherical Cu1.94-1.96S nanoparticles.  The results of this study are summarized in 

figure 5.4.2 for the djurleite nanoparticles.  The 1-dodecanethiol comes off of the 

nanoparticles near 220oC, close to the melting point of 1-dodecanethiol, which is between 

220 and 260oC.  Based off of the spectra in figure 5.4.2 it can be seen that the loss in 

weight percent decreases with increasing growth time and increasing diameter.  This 

follows with the ligand packing model presented in figure 5.4.1.  As the particle diameter 

increases from 8nm to 20nm, the ligand coverage decreases from approximately 70% to 

10%, due to the much larger radius of curvature for the smaller nanoparticles.  With 

smaller nanoparticles more ligand is able to pack on the surface which can lead to more 

stable nanoparticles, and a more stable heterojunction with C60.  The trade-off to this 

stability would be charge transport.  The more ligands of 1-dodecanethiol present on the 

surface, the less efficient is the charge transport from nanoparticle to nanoparticle [43].   

 TGA studies were performed for the hexagonal Cu2S nanoparticles and are shown 

in figure 5.4.3.  Figure 5.4.3 shows the loss of two separate components.  The loss of 1-

dodecanethiol occurs near 200oC, and the loss of oleic acid occurs near 350oC.  This is to 

be expected since the IR data in chapter 3 shows the presence of both 1-dodecanethiol 

and ammonium diethyldithiocarbamate.  Being that the nanoparticles differ in shape, it 

can be predicted that the ligands will pack differently on their surfaces.  The spherical  
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Figure 5.4.2.  Thermogravimmetric analysis of the Cu1.94-1.96S nanoparticles synthesized 
using copper (II) acetylacetonate and 1-dodecanethiol. 
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Figure 5.4.3.  Thermogravimmetric analysis of Cu2S nanoparticles synthesized using 
copper (II) acetylacetonate, 1-dodecanethiol, ammonium diethyldithiocarbamate, and 
oleic acid. 
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nanocrystals have a much larger radius of curvature than the hexagonal ones, and it 

would be expected that less ligand will be on the surfaces of the Cu2S nanoparticles, less.  

As shown in figure 5.4.3, the average ligand coverage on the hexagonal Cu2S 

nanoparticles is approximately 20%, which is significantly less than the ligand coverage 

on the spherical nanoparticles.  Based off of the model for ligand packing, less ligand 

coverage occurs on nanoparticles with a smaller radius of curvature.  Since the hexagon 

shaped nanoparticles have flat surfaces and edges it can be suggested that less ligand 

covers the hexagonal particles as compared to the spherical ones.  In order to 

quantitatively describe the packing, equations 5.4.1 through 5.4.4 can be used.  The 

average Cu-S bond length is 1.2 Å.  Powder x-ray diffraction estimates that the average 

volume of a given Cu1.94-1.96S unit cell is 26Å3, and 48Å3 for the Cu2S nanoparticles.  

From these calculations the average surface packing, γ, for the 1-dodecanethiol on the 

spherical nanoparticles varies from 0.4 to less than 0.1 as the growth time is increased 

from 5 minutes to 4 hours.  Contrary to this behavior, the surface packing is less than 0.1 

for the hexagonal nanoparticles synthesized across the growth time gradient. 

 The infrared spectroscopy data suggests the presence of 1-dodecanethiol on the 

spherical and hexagonal nanoparticles, and in addition to this oleic acid on the hexagonal 

particles.  The TGA results suggest that less organic materials are present on the 

hexagonal nanoparticles as compared to the spherical particles.  Using ligand packing 

models and experimental calculations it can be suggested that the shape of the 

nanoparticles can heavily influence the density and the amount of organic compounds 

present in the nanoparticles. 
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By analyzing the surface morphology of both types of CuxS nanoparticles using 

electron microscopy, atomic force microscopy, and thermogravimetric analysis, it can be 

suggested that the nanoparticles have the ability to cluster together and form larger 

components with heights beyond 500 nm.  Although the surfaces of the nanoparticles are 

somewhat smooth as compared to template-stripped gold with differing amounts of 

ligand, the presence of agglomerated nanoparticles can diminish the lifetime and 

efficiency of the solar cell constructed.  Figure 5.4.4 shows that based on the physical 

features of the nanoparticles an inhomogeneous heterojunction may be formed between 

the nanoparticles and C60.  As shown in figure 5.4.4, although a layer of C60 is between 

the CuxS nanoparticles and the aluminum contact, the protruding features of the large 

clusters of nanoparticles may be in direct contact with the aluminum electrode.  This 

contact will create inefficient charge separation within the solar cell and inhibited 

electron mobility throughout the device.  For example, if a photon is absorbed in the 

CuxS layer of nanoparticles an exciton will be created that is composed of an excited 

electron and hole.  Rather than the electron and hole separating at the interface between 

the CuxS and C60, the rate of charge recombination would be much greater and no charge 

separation would take place.  The excited electrons in the CuxS will want to travel the 

path of least resistance and diffuse straight to the aluminum contact.  Therefore it is 

important to optimize the packing of nanoparticles onto a single substrate in order to 

create a homogeneous multilayer solar cell with a homogeneous interface that lacks 

interpenetrating layers as shown in figure 5.4.5.   
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Figure 5.4.4.  Schematic of possible heterojunction formed between both hexagonal and 
spherical nanoparticles and C60.  
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Figure 5.4.5.  Ideal multilayer thin film created between CuxS nanoparticles and C60.  

ITO 

Al 



 136

Up to this point of the study the optical properties and surface morphology of the 

nanoparticles has been investigated.  Solution absorbance measurements have been 

acquired, along with scanning electron microscopy and surface probing methods.  In 

addition to these studies, compositional analysis was carried out using photoelectron and 

infrared spectroscopy, and mass analysis measurements.  The basic properties of the 

nanoparticles have been analyzed using a variety of analytical methods.  Both types of 

nanoparticles have similar composition, and optical properties.  However, they strongly 

differ in size and shape.  The spherical nanoparticles are monodisperse with homogenous 

packing on various substrates.  Opposed to this behavior the hexagonal nanoparticles are 

polydisperse and have the ability to pack on two different faces.  Based on these 

properties the spherical nanoparticles have better packing abilities than the hexagonal 

nanoparticles.  The spherical nanoparticles will be the primary focus of the following 

chapter for use in photovoltaic devices. 

 The binding energy of the core electrons in the Cu1.94-1.96S nanoparticles has been 

determined using x-ray photoelectron spectroscopy.  In addition to these energy levels 

being calculated, it is important to resolve the energies of the valence electrons in the 

Cu1.94-1.96S nanoparticles and C60 in order to better define the band structure of both 

components when a heterojunction is formed. 
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CHAPTER 6 
 

BAND STRUCTURES AND PHOTOVOLTAIC STUDIES OF THE DJURLEITE 
Cu1.94-1.96S NANOPARTICLES 

 
6.1 Introduction 
 
 After rigorous characterization of the djurleite Cu1.94-1.96S phase of nanoparticles, 

the band structure will be studied in order to determine the effects that they would have 

on the efficiency of solar cell operation.  In addition to the individual band structures of 

the donor and acceptor materials, it is important to determine how the band structure 

changes with the construction of the heterojunction between Cu1.94-1.96S and C60.  The 

band structures of bulk Cu1.94-1.96S and C60 are shown in figures 6.1.1 and 6.1.2.  The 

energy of the HOMO level for bulk Cu1.94-1.96S, djurleite, is approximately 5.3±0.1 eV.  

With an optical band gap of approximately 1.83 eV, the energy of LUMO is 

approximately 3.47 eV.  Previous research has shown that the HOMO energy does not 

change as the phases of bulk CuxS change from chalcocite to djurleite, only the LUMO 

energy levels change [25]; the LUMO for chalcocite is approximately 4.1 eV, and for 

djurleite is 3.47 eV.  Based on the band structures of CuxS and C60, a heterojunction 

between these two materials would be type II as depicted in figure 6.1.3, allowing for 

favorable charge transport and separation in a photovoltaic device.  The band structure 

for Cu1.94-1.96S nanoparticles has not been extensively researched and is somewhat 

unfamiliar.  The present study will focus on determining the band structure of the Cu1.94-

1.96S nanoparticles and investigating the heterojunction formed with C60.  In order to 

determine the band structure and energies of the valence electrons, ultraviolet 

photoelectron spectroscopy will be used.  Ultraviolet photoelectron spectroscopy (UPS)  
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Figure 6.1.1.  Band structure of bulk Cu2S. 
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Figure 6.1.2.  Band structure of C60. 
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Figure 6.1.3.  Hypothesized band structure of heterojunction formed between Cu1.94-1.96S 
and C60. 
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measures the ionization energy of the valence electrons within the sample and the density 

of states of the electrons within the HOMO level of the semiconductor.  To measure the 

binding energy of the valence electrons ultraviolet photoelectron spectroscopy uses 

energy of 10-45 eV as the source of radiation to examine the valence bands.  The source 

of radiation comes from a noble gas discharge lamp.  In the present study a helium 

discharge lamp that emits He I radiation of energy 21.2 eV is used. 

In order to perform UPS measurements, it is imperative to have the nanoparticles 

bound to a solid substrate, such as gold.  Past thin film studies demonstrate that CuxS 

nanoparticles have the ability to bind to various dithiols, such as 1,6-hexanedithiol [17].  

It is well established that dithiols have a strong tendency to bind to gold and ITO [53].  

The current system will look at the UPS of Cu1.94-1.96S nanoparticles bound to 1,6-

hexanedithiol bound to gold and ITO.  This study will determine the band structure of the 

heterojunction formed between the Cu1.94-1.96S nanoparticles donor layer and C60 acceptor 

layer in order to have a better understanding of the charge transport mechanism taking 

place within the solar cell and its efficiency [46-57].  

Typically, there are three quantities that characterize the performance of a solar 

cell device.  The current through the external circuit is one parameter of interest.  No 

energy can be extracted if no net current is present in the external circuit.  The current is 

generally measured when negligible work is put through the measuring device; for 

example, when a low-resistance ammeter is connected between the two electrodes.  The 

current measured under these conditions is the short circuit current, ISC, measured in mA, 

because if it is measured correctly, it is the current that would flow when a direct short 
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circuit is present between the two electrodes [19].  The short circuit current density, JSC, 

measured in mA/cm2, takes into account the area of the solar cell and is the absolute 

value of the negative current produced under illumination, also known as the 

photocurrent, JPH, at zero applied bias,  

  JSC = (-JPH)        (6.1.1) 
 

The second parameter that needs to be measured is the voltage developed by the 

solar cell.  This voltage is measured at open circuit with a voltmeter of extremely high 

resistance so that negligible current can flow through the cell.  This parameter is referred 

to as the open circuit voltage, VOC, and it is a measure of the maximum Gibbs free energy 

that can be obtained from the cell [19].  Equation 6.1.2 describes in more detail, the 

magnitude of VOC, 
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where q is the charge, and Jph and Jo are the incident current and photocurrent.   

The third parameter of interest is the rate at which the current approaches its 

limiting short circuit value and is called the fill factor (FF), and is given in equation 6.1.3  

[18].   

 FF = 
OCSCVJ

VJ maxmax       (6.1.3) 

 
In equation 6.1.3, Jmax and Vmax are the maximum current density and applied voltage in 

the system.  Figure 6.1.4 shows a typical diode in both the dark and under illumination, 

and how each of the parameters above is measured.  The fill factor is a ratio of the  
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Figure 6.1.4.  Current-voltage curve generated by varying the magnitude of resistance in 
the external circuit.   
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maximum power put out by the device, Pmax, to the product of JSC and VOC, which is the 

power of the incident light.   

   In the present study, the band structure of only one size of the spherical Cu1.94-

1.96S nanoparticles were examined and incorporated into a solar cell device.  Future work 

will focus on how the sizes of the nanoparticles effect the efficiency of the device.  Using 

Cu1.94-1.96S nanoparticles synthesized for 1 hour at 200oC, these particles were drop cast 

and spin cast onto gold and ITO functionalized with a layer of 1,6-hexanedithiol and 

PEDOT:PSS, respectively.  In order to confirm the presence of bound nanoparticles to 

the surface, x-ray photoelectron and ultraviolet photoelectron spectroscopy measurements 

will be made. 
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6.2 Monolayer Depositions of CuxS Nanoparticles onto Gold Substrates 

To confirm that the Cu1.94-1.96S nanoparticles were able to bind to the surface of 

the 1,6-hexanedithiol on the gold substrates, the binding energies of the core electrons for 

various energy regions were observed.  To further confirm that the nanoparticles were 

bound to the layer of dithiol, the substrates were rinsed thoroughly after depositing the 

nanoparticles onto the substrates in order to remove excess unbound nanoparticles.  In 

acquiring the XPS spectra, the regions analyzed were the Au 4f, Cu 2p, S 2p, and C 1s 

electrons.  The spectra for each of these energy regions are shown in figures 6.2.1-6.2.4.  

The Cu 2p1/2 and Cu 2p3/2 peaks near 952 and 932 eV confirm that the nanoparticles were 

successfully deposited onto the gold substrate and bound to the dithiol.  The S 2p 

spectrum in figure 6.2.3 is similar to the spectrum in chapter 3 of the pure nanoparticles, 

further confirming that copper sulfide is bound to the dithiol.  Following the thin film x-

ray photoelectron spectroscopy measurements, He I ultraviolet photoelectron 

spectroscopy was carried out. 

Prior to measuring the binding energy of the valence electrons in the Cu1.94-1.96S 

nanoparticles, the UPS spectrum of clean gold was obtained and is given in figure 6.2.5.  

The secondary electron onset (SO) on the left side of the spectrum was determined to be 

16.1 eV.  The work function, Φ, of the gold was calculated to be 5.1±0.1 eV by 

subtracting the secondary electron onset from the excitation energy of He I, which is 21.2 

eV.  This value agrees with the known work function of gold [52-53].  Following the 

calculation for the work function of the gold foil, a single layer of 1,6-hexanedithiol was 

deposited onto the gold substrate.  In order to monitor changes in the work function as  
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Figure 6.2.1.  X-ray photoelectron spectrum of the Au 4f core electrons binding energy. 
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Figure 6.2.2.  X-ray photoelectron spectrum of Cu 2p core electrons of spherical Cu1.94-

1.96S nanoparticles deposited onto gold foil. 
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Figure 6.2.3.  X-ray photoelectron spectrum of S 2p core electrons of spherical Cu1.94-

1.96S nanoparticles deposited onto gold foil. 
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Figure 6.2.4.  X-ray photoelectron spectrum of C 1s core electrons of spherical Cu1.94-

1.96S nanoparticles deposited onto gold foil. 
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Figure 6.2.5.  UPS spectrum of clean gold foil. 
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various layers are deposited, the UPS spectrum of the dithiols on the gold was measured 

and is shown in figure 6.2.6.  The Fermi edge of gold is still present in figure 6.2.6.  

However, the secondary electron onset has shifted to a higher binding energy.  Using the 

same calculations described for finding the work function of gold, the work function of 

the 1,6-hexanedithiol is estimated to be 4.3 eV.  A single layer of djurleite Cu1.94-1.96S 

nanoparticles was then deposited onto the gold substrate.  The UPS spectrum resulting 

from these depositions is shown in figure 6.2.7.  The secondary electron onset for the 

Cu1.94-1.96S nanoparticles does not change drastically from that of the dithiols.  However, 

the gold peaks present near 30 eV diminish in intensity.  The work function for the Cu1.94-

1.96S nanoparticles in figure 6.2.7 was calculated to be 4.3 eV and is very similar to that of 

the dithiols.  From the shift of the SO in the UPS spectra in figure 6.2.7, it can be 

estimated that the valence band maximum is approximately 0.9 eV below the Fermi level.  

Since the magnitude of the optical band gap of these Cu1.94-1.96S nanoparticles needs 

further analysis the LUMO level cannot be determined.  The HOMO level lies at 

approximately 5.2 eV for the Cu1.94-1.96S nanoparticles synthesized for 1 hour at 200oC.  

Future studies will look at how this location changes as a function of nanoparticle 

diameter. 

The band alignment properties of the Cu1.94-1.96S nanoparticles are very similar to 

the bulk properties of Cu1.94-1.96S.  The goal of the present study is to fabricate a solar cell 

device that replaces the cadmium sulfide acceptor layer with a layer of C60.  In order to 

measure the band structure of C60, multiple layers of C60 were deposited onto a 

monolayer of Cu1.94-1.96S nanoparticles and the UPS spectrum was acquired with the  
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Figure 6.2.6.  UPS He I spectrum of clean gold foil along with a single layer of 1,6-
hexanedithiol. 
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Figure 6.2.7.  UPS He I spectrum of clean gold foil with a single layer of 1,6-
hexanedithiol, followed by a single layer of djurleite, Cu1.94-1.96S nanoparticles.  
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addition of each successive layer. Figure 6.2.8 shows the UPS spectrum for each 

successive layer of C60 which was deposited in additional layers between 2 Å and 510 Å. 

Figures 6.2.9 and 6.2.10 show close-up images of the HOMO bands and the energies of 

the secondary electron onsets.  In figure 6.2.10, the SO of the initial deposition of 2 Å of 

C60 is approximately 17.5 eV.  The final deposition of 510 Å is 0.5 eV lower.  This is an 

energy difference of approximately 0.5 eV.  After depositing 510 Å of C60 onto the 

nanoparticles, the C60 begins to take on bulk energy characteristics.  In the depositions 

preceding this one the C60 does not have the same bulk properties, and the valence 

electrons are effected by the dipole moments of the nanoparticles and gold substrate.  

According to the spectra in figures 6.2.8 through 6.2.10, the HOMO level of the C60 can 

be calculated to have energy of approximately 6.5 eV.  This is a 0.3 eV difference than 

that of the bulk C60 previously reported [45].  However the electron energies can be 

shifting due to the heterojunction formed between the C60 and the djurleite nanoparticles.  

With a band gap of approximately 2.0 eV, the estimated LUMO level for the C60 in the 

present system is approximately at 4.5 eV [45].  Figure 6.2.11 shows the band structure 

for the Cu1.94-1.96S/C60 system.  Although the LUMO level in the spherical Cu1.94-1.96S 

nanoparticles is unknown, it can be predicted that in order for efficient charge transport 

and separation to take place, the LUMO level needs to have energy greater than 4.5 eV.  

If instead a type I heterojunction is formed between the Cu1.94-1.96S nanoparticles, charge 

separation will not take place.  As shown in figure 6.2.11 the band structure of the 

heterojunction formed between the Cu1.94-1.96S nanoparticles and C60 has favorable energy  
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Figure 6.2.8.  Full UPS He I spectra of djurleite nanoparticles with successive layers of 
C60 deposited onto the top of the nanoparticles. 
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Figure 6.2.9.  Fermi level energy UPS He I spectra of djurleite nanoparticles with 
successive layers of C60 deposited onto the top of the nanoparticles. 



 157

 

 

 

 

 

 

1616.216.416.616.81717.217.417.617.818

Binding Energy (eV)

C
o

u
n

ts

CuxS

2A

6A

14A

30A

62A

126A

254A

510A

 

Figure 6.2.10.  Secondary electron onset energy UPS He I spectra of djurleite 
nanoparticles with successive layers of C60 deposited onto the top of the nanoparticles. 
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Figure 6.2.11.  Band structure diagram of the djurleite Cu1.94-1.96S nanoparticles and C60 
heterojunction obtained from UPS and optical band gap measurements. 
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band mismatches for efficient hole transfer between the HOMO of the C60 and the 

HOMO of the Cu1.94-1.96S.  

 A plausible heterojunction between the nanoparticles and C60 was developed and 

the next section discusses the results of the practical application of this system.  In order 

to test the various hypotheses predicted regarding this system, a photovoltaic solar cell 

composed of a Cu1.94-1.96S/C60 heterojunction was constructed and tested.  
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6.3  Solar Cell Fabrication and Initial Performance Testing 

 In order to construct a series of solar cell devices for analysis, ITO substrates 

were first detergent cleaned using Triton X-100 in combination with a series of 

sonications in tap water, 18 Millipore distilled water, and ethanol.  Following the 

detergent cleaning of the ITO substrates, a single layer of PEDOT:PSS was spin-cast onto 

the ITO substrates at 3000 rpm for 1 minute.  Previous research suggests that the polymer 

PEDOT:PSS behaves as an efficient charge transport layer between the donor material 

and the ITO, as well as to help create a homogeneous surface in order to minimize rough 

surface features on the ITO substrate that could contribute to short-circuits in the device.  

After spin casting the PEDOT:PSS, the substrates were cured at 150oC for 10 minutes.  

As a control, a device was constructed composed of only PEDOT:PSS and C60 as shown 

in figure 6.3.1.  The substrate was then put under vacuum at a pressure of less than 5x10-7 

torr, and the C60 was heated using a source current of 2-3 amps.  Over the temperature 

range of 350 to 400oC, C60 began to deposit onto the cured layer of PEDOT:PSS.  

Approximately 40 nm of C60 was deposited onto the PEDOT:PSS followed by 10 nm of 

bathocuproine (BCP), and 100 nm of aluminum.  The BCP acts as a protective layer 

between the C60 and aluminum so that destruction of the C60 induced by deposition of hot 

aluminum is minimized; it is a sacrificial layer.   With an applied bias to the device of -

1.0 to 1.5 V the current was measured in the dark and under illumination with incident 

light of 100 µW/cm2.  The resulting current voltage spectrum for this control device is 

shown in figure 6.3.2.  Figure 6.3.3 shows the same spectrum with current on a 

logarithmic scale in order to better resolve the photocurrent obtained.  Under illumination  
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Figure 6.3.1.  Control device composed of PEDOT:PSS and C60. 
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Figure 6.3.2.  Current voltage spectrum for device with a PEDOT:PSS/C60 
heterojunction measured in the dark and under illumination. 
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Figure 6.3.3.  Current voltage spectrum for device with a PEDOT:PSS/C60 
heterojunction with current density on a logarithmic scale. 
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the control device has an open circuit potential of 0.58±0.03 V and a short circuit current 

density of 1.86±0.04 mA/cm2.  The fill factor for the PEDOT:PSS/C60 system is 

0.38±0.002.  The PEDOT:PSS/C60 heterojunction demonstrates diode behavior both in 

the dark and under illumination.  Although the charge transfer mechanism is not fully 

understood for this device, it is apparent that the rate of charge separation and charge 

transfer is greater than the rate of charge recombination.  Previous research shows that 

PEDOT:PSS has an optical band gap of approximately 2.0 eV; an ionization potential of 

5.1 eV, and an electron affinity of 3.1 eV.  Previous research suggests that PEDOT:PSS 

behaves as an efficient hole transport material, but not necessarily as an absorber layer.  

Therefore, in the control device, the absorber layer is the C60.  The absorbed photons can 

excite an electron to the LUMO level of the C60 which will create an exciton.  After the 

exciton diffuses to the heterojunction formed between PEDOT:PSS and C60, charge 

separation can take place allowing for a current to be produced, with electrons flowing to 

the aluminum, and holes flowing to the ITO through the layer of PEDOT:PSS.  Figure 

6.3.4 shows the band diagram of the control device [54-70]. 

Following production of the control device, the spherical Cu1.94-1.96S nanoparticles 

were incorporated between the PEDOT:PSS and C60.  A solution composed of 0.5 

mg/mL of djurleite nanoparticles in hexanes were spin coated at 3000 rpm for 1 minute 

onto an ITO substrate containing a cured layer of PEDOT:PSS.  The C60, BCP, and 

aluminum layers were all deposited using the same procedure as outlined for the control 

device.  Figure 6.3.5 summarizes the construction of the solar cell device containing 

PEDOT:PSS, Cu1.94-1.96S nanoparticles, C60, BCP, and aluminum. 
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Figure 6.3.4.  Band structure for PEDOT:PSS/C60 heterojunction.  
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Figure 6.3.5.  Schematic solar cell device of present Cu1.94-1.96S/C60 system created by 
spin casting Cu1.94-1.96S nanoparticles onto the substrate and then depositing a layer of C60 
on top of the nanoparticles. 
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Following the construction of the device, initial tests were performed by applying 

a forward and reverse bias voltage across the system from -1.00 to 1.50 volts.  The 

current density in mA/cm2 was measured as a function of the applied bias.  

Measurements were taken in both the dark and under illumination.  Figure 6.3.6 shows 

the plot of current density as a function of voltage for the device given in figure 6.3.5, in 

the dark.  As shown in figure 6.3.6, the device follows Ohm’s law of V=IR.  Based on the 

acquired AFM and SEM images presented in chapter 5, it is expected that with the 

stacking features of the concentrated nanoparticles there is the potential for direct contact 

between the Cu1.94-1.96S nanoparticles and aluminum contacts.  This would lead to poor 

charge separation and charge transfer and cause a direct short circuit in the system.  The 

SEM images acquired in chapter 5 suggest that the spherical nanoparticles have the 

ability to stack uniformly with one another in multiple layers, and in some cases clusters 

with heights in excess of 600 nm.  To help diminish these clusters, a 1:100 dilution of the 

nanoparticles was performed.  These diluted solutions were spin cast onto an ITO 

substrate containing a layer of PEDOT:PSS, at 3000 rpm for 1 minute.  SEM images of 

the spin cast nanoparticles are presented in figure 6.3.7.  To observe how the performance 

of the solar cell behaves with diluted solutions of nanoparticles the device was tested 

under the same conditions as for the control device and are shown in figure 6.3.7.  By 

spin casting the diluted solution of nanoparticles onto the ITO substrate functionalized 

with PEDOT:PSS, the current voltage spectrum is very similar to that of the 

PEDOT:PSS/C60 control device in figure 6.3.2.  The spin cast solution of nanoparticles 

may be having no effect on the charge transfer abilities of the solar cell.  In order to test  
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Figure 6.3.6.  Dark spectra for current density as a function of applied bias for Cu1.94-

1.96S/C60 system created by spin casting the spherical Cu1.94-1.96S nanoparticles onto ITO 
substrates. 
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Figure 6.3.7.  Dark and light spectra for current density as a function of applied bias for 
Cu1.94-1.96S/C60 system created by spin casting diluted solutions of Cu1.94-1.96S 
nanoparticles onto ITO substrates. 
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this hypothesis, a series of devices have been created using a layer-by-layer dip coating 

method in order to form a homogeneous surface of nanoparticles with minimal clusters 

that will come into contact with aluminum.  By suspending the nanoparticles in hexanes, 

it is possible to create multiple layers of nanoparticles stacked on top of one another with 

a layer of dithiols in between.  Substrates of ITO containing a single layer of 

PEDOT:PSS were submerged in the nanoparticle solution for approximately 10 seconds.  

The substrate was then removed from the solution, allowed to dry, and then immediately 

submerged into a solution of 0.1 M 1,6-hexanedithiol in acetonitrile.  To build multiple 

layers of nanoparticles, the procedure was repeated multiple times varying from 5 to 20 

dips.  Using the same deposition procedures for depositing a single layer of C60 and BCP, 

a new series of devices were created, based on the illustration in figure 6.3.8.  Devices 

with 5 to 20 layers of nanoparticles were constructed and tested.  The photovoltages for a 

5 layer, 10 layer, and 20 layer device are shown in figure 6.3.9 on a logarithmic scale, 

along with the spectra for the diluted spin cast nanoparticles and the control device.  With 

an increase in the amount of nanoparticles and dithiol in each device, the photovoltage 

decreases.  Table 6.3.1 summarizes the calculated parameters for each of the devices 

under illumination.  As more Cu1.94-1.96S is deposited onto the functionalized ITO, the fill 

factor decreases, along with the photovoltage.  To gain a better idea of the typical surface 

coverage that is exhibited with the dilute solution of Cu1.94-1.96S nanoparticles electron 

microscopy studies were performed.  SEM images shown in figure 6.3.10 show that as 

the number of dips increase, the surface coverage of nanoparticles increases. 
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Figure 6.3.8.  Schematic solar cell device of present Cu1.94-1.96S/C60 system created by 
dip coating Cu1.94-1.96S nanoparticles onto the substrate and then depositing a layer of C60 
on top of the nanoparticles.    
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Figure 6.3.9.  Current-voltage spectra under illumination with the current density on a 
logarithmic scale.  Spectrum contains data for the control device (PEDOT:PSS/C60), 
0.005 mg/mL spin cast nanoparticles onto PEDOT:PSS functionalized ITO, and 5, 10, 
and 20 LbL deposited devices. 
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Device JSC (mA/cm2) VOC (V) FF 

Control 1.86 ± 0.043 0.58 ± 0.031 0.38 ± 0.0024 

Spin Cast 1.80 ± 0.036 0.51 ± 0.070 0.38 ± 0.020 

5 LbL 1.79 ± 0.052 0.50 ± 0.070 0.37 ± 0.030 

10 LbL 1.38 ± 0.060 0.17 ± 0.022 0.31 ± 0.0038 

20 LbL 0.92 ± 0.054 0.067 ± 0.012 0.23 ± 0.038 

Table 6.3.1.  Summarized parameters for control, spin cast, and multiple layer-by-layer 
deposition devices under illumination. 
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Figure 6.3.10.  SEM images of spin cast (a), 5 LbL (b), 10 LbL (c), and 20 LbL (d) 
depositions of Cu1.94-1.96S nanoparticles onto ITO. 
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With the increased addition of Cu1.94-1.96S the efficiency of charge transport and 

separation decreases.  Figure 6.3.11 shows the band alignment of the system taking into 

consideration the band alignment of the PEDOT:PSS.  According to the band alignment 

in figure 6.3.11 efficient charge separation and transport should occur in the solar cell.  

Since the LUMO of these Cu1.94-1.96S nanoparticles has not been accurately determined, 

there is also the possibility that the LUMO of Cu1.94-1.96S is less than 4.5 eV, which would 

cause charge recombination and inefficient charge transport.  This misalignment could be 

the reason for the decrease in solar cell performance with the addition of Cu1.94-1.96S 

nanoparticles.  Much further study is needed in order to support both hypotheses.  Future 

work will examine the device without PEDOT:PSS.  If this device does not work, then it 

can be hypothesized that a type I heterojunction is formed between the Cu1.94-1.96S and 

C60.  This would lead to examining devices which use a different acceptor material that 

can allow for the proper band structure alignment.  In addition to investigating these 

systems, the deposition process of the nanoparticles onto the ITO substrate will be 

optimized in order to create a more homogeneous covering of nanoparticles. 
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Figure 6.3.11.  Band alignment structure of the entire Cu1.94-1.96S/C60 solar cell including 
PEDOT:PSS.  The LUMO position of Cu1.94-1.96S is estimated.   
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CHAPTER 7 

CONCLUSIONS AND FUTURE WORK 

The goal of the present study was to investigate the properties of copper sulfide 

nanoparticles and to explore the use of NP multilayers as potential donor layers with 

absorption capabilities in the near infrared region in Type II heterojunction photovoltaics.  

Two separate syntheses were carried out that resulted in monodisperse spherical 

nanoparticles and polydisperse hexagonal nanoparticles with sizes ranging from 5.0 to 

over 200 nm.  Previous studies have shown similar size distributions using the same 

molecular precursors for a single growth time of 15 minutes.  By varying the growth time 

in this study between 5 minutes and 4 hours, the time limit for nanoparticle growth has 

been discovered in order to reach maximum size distributions with monodisperse 

properties.  When using copper (II) acetylacetonate and 1-dodecanethiol as the only two 

precursors, the maximum size to be expected comes from synthesizing the nanoparticles 

at a maximum of 4 hours.  Any growth time beyond this will not increase nanoparticle 

diameter, and will not result in polydisperse samples.  With the addition of oleic acid and 

ammonium diethyldithiocarbamate, hexagonal nanoparticles have been synthesized with 

very polydisperse size distributions, and nanoparticles which have the ability to stack on 

two separate faces.  Future work will focus on optimizing size selective precipitation 

methods for the Cu2S nanoparticles, so that more monodisperse samples of nanoparticles 

may be obtained at growth times between 5 minutes and 4 hours.  As the Cu2S 

nanoparticles become more monodisperse in diameter, they will have less variation in 

their electronic properties, making them more useful for solar cell application.  X-ray 
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analysis suggests the presence of two different phases of copper sulfide.   The spherical 

nanoparticles demonstrate similar atomic spacing to djurleite, Cu1.94-1.96S, and the 

hexagonal nanoparticles exhibit features similar to chalcocite, Cu2S.  Both types of 

nanoparticles demonstrate the ability to absorb photons across the visible spectrum 

making them ideal candidates for incorporation in photovoltaic cells.  Various imaging 

techniques such as AFM and SEM showed that the spherical nanoparticles have the 

ability to pack together uniformly across various substrates, making them the primary 

focus for use as a solar cell donor layer.  Uniform packing of the nanoparticles is 

important for solar cell application due to minimal variations in the orientations of the 

layers.  With homogeneous packing of the nanoparticles, a more uniform layer can be 

established that will enhance charge transport within the device.  If large clusters of 

nanoparticles are present in the device, an interpenetrating heterojunction will be formed 

with potential for short circuits to occur. When used in combination with C60, preliminary 

data for solar cells based on NP/C60 heterojunctions demonstrates minimally acceptable 

dark diode behavior.  Multiple conclusions can be drawn as to why the incorporated 

nanoparticles diminish rectification of the current voltage spectra.  Several hypotheses for 

less than ideal device performance have been proposed.  The first could be due to large 

clusters of particles that come into direct contact with the aluminum electrode, thereby 

creating a short circuit within the device. Future work will focus on the optimization of 

the fabrication of the thin films of nanoparticles in order to prevent large clusters of 

nanoparticles from forming on the surface that will prohibit short circuiting of the device. 
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 A second possible conclusion for the poor performance of the nanoparticle-based 

devices results from a mis-matched energetic alignment between the nanoparticles and 

C60, preventing efficient charge separation at the LUMO-LUMO offset.  More 

specifically, if the LUMO energy of the nanoparticles is less than that of C60, charge 

recombination will take place within the solar cell.  Therefore, future work will focus on 

replacing C60 with other acceptor layers that provide for a different LUMO-LUMO 

alignment with the copper sulfide nanoparticles.  Device architectures presented here 

were chosen based on the band structures for bulk copper sulfide and C60, which suggest 

an energetically favorable heterojunction can be formed between the two components.  

Ultraviolet photoelectron spectroscopy was used for the first time to characterize the 

ionization potential and valence band energies of monolayer-supported Cu1.94-1.96S 

nanoparticles. These studies suggest that the HOMO levels of C60 and Cu1.94-1.96S are 

offset sufficiently to provide for hole injection from the C60 into the Cu1.94-1.96S layer.  

Much further study is needed in order to determine the energy of the LUMO level within 

the nanoparticles and their optical band gap.  Photoluminescence measurements can lead 

to the value of the LUMO.  Future work will also focus on using other acceptor materials 

in place of the C60.   

In addition to replacing the C60, the PEDOT:PSS layer will be removed from the 

system so that the band alignment of the Cu1.94-1.96S/C60 interface can be better evaluated.  

In the present system the C60 is absorbing the incoming photons to create an exciton.  

Charge separation is taking place at the interface between the C60 and PEDOT:PSS 

allowing for the PEDOT:PSS to act as a hole transport layer so that electrons can flow to 
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the aluminum contact and holes to the ITO contact.  Control devices manufactured in 

future studies will compare the performance of the solar cells with and without 

PEDOT:PSS.  If the nanoparticles are unable to form a heterojunction with C60, it will be 

worthwhile to investigate the possible heterojunctions formed between the nanoparticles 

and other acceptor molecules which have differing band alignments than that of C60.  One 

such material is perylenetetracarboxylic acid (PTCDA) which has a reported HOMO of 

6.96 eV [55]. 

In addition to the above mentioned devices, studies will be performed with a 

focus on the hexagonal Cu2S nanoparticles and using them in solar cell applications.  The 

main priority will be optimizing the sizes and packing abilities of the hexagonal 

nanoparticles to promote the best charge transport as well as to prevent their contact with 

the top aluminum electrode.      

 The goals of this study were achieved in that two types of copper sulfide 

nanoparticles were successfully synthesized with reproducible methods.  The two phases 

successfully synthesized were chalcocite, Cu2S, and djurleite, Cu1.94-1.96S.  The atomic 

composition of both types of nanoparticles was characterized using various methods of 

spectroscopy and microscopy.  Preliminary studies suggest that the photovoltaic 

efficiencies diminish when a heterojunction is formed between the Cu1.94-1.96S 

nanoparticles and C60.  Although further research is needed to determine the LUMO-

LUMO offsets between the nanoparticles and C60, the studies presented here have offered 

much further insight into where the LUMO of the Cu1.94-1.96S nanoparticles lies with 

respect to C60. 
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