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Colloidal Nanocrystals with Near-infrared Optical Properties: 

Synthesis, Characterization, and Applications 

 

Matthew George Panthani, Ph.D. 

The University of Texas at Austin, 2011 

 

Supervisor:  Brian A. Korgel 

 

Colloidal nanocrystals with optical properties in the near-infrared (NIR) are of 

interest for many applications such as photovoltaic (PV) energy conversion, bioimaging, 

and therapeutics.  For PVs and other electronic devices, challenges in using colloidal 

nanomaterials often deal with the surfaces.  Because of the high surface-to-volume ratio 

of small nanocrystals, surfaces and interfaces play an enhanced role in the properties of 

nanocrystal films and devices.   

Organic ligand-capped CuInSe2 (CIS) and Cu(InXGa1-X)Se2 (CIGS) nanocrystals 

were synthesized and used as the absorber layer in prototype solar cells.  By fabricating 

devices from spray-coated CuInSe nanocrystals under ambient conditions, solar-to-

electric power conversion efficiencies as high as 3.1% were achieved.  Many treatments 

of the nanocrystal films were explored.  Although some treatments increased the 

conductivity of the nanocrystal films, the best devices were from untreated CIS films.  By 

modifying the reaction chemistry, quantum-confined CuInSeXS2-X (CISS) nanocrystals 

were produced.  The potential of the CISS nanocrystals for targeted bioimaging was 

demonstrated via oral delivery to mice and imaging of nanocrystal fluorescence. 

The size-dependent photoluminescence of Si nanocrystals was measured.  Si 

nanocrystals supported on graphene were characterized by conventional transmission 
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electron microscopy and spherical aberration (Cs)-corrected scanning transmission 

electron microscopy (STEM).  Enhanced imaging contrast and resolution was achieved 

by using Cs-corrected STEM with a graphene support.  In addition, clear imaging of 

defects and the organic-inorganic interface was enabled by utilizing this technique. 
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Chapter 1: Introduction 

 The field of nanoscience has emerged over the past two decades via an 

amalgamation of many parallel efforts in different fields of condensed matter physics.  In 

the mid 1980’s, Richard Smalley and coworkers at Rice University discovered C60
1

 (often 

referred to as “buckyballs”), which spurred research and discovery of other sp2 

hybridized carbon nanomaterials, such as other spherical fullerenes, carbon nanotubes, 

and graphene.  Also during this time, Louis Brus and coworkers at Bell Laboratories were 

experimenting with small semiconductor crystallites which demonstrated size-tunable 

optical properties.2-4  These crystallites came to be known as “quantum dots” and would 

form another pillar of nanoscience due to their unique properties.  In 1990, Canham 

reported luminescence from electrochemically etched silicon with nanoscale domains.5  

This silicon had room temperature photoluminescence, which at the time was considered 

controversial, because emission from Si is forbidden due to an indirect bandgap.  Further 

work in the field of silicon nanomaterials has demonstrated that nanoscale silicon can 

emit with surprisingly high quantum efficiencies due to quantum confinement.6  In the 

1990’s, Lieber and coworkers demonstrated controllable synthesis of silicon nanowires 

via seeded growth off a substrate using vapor-liquid-solid (VLS) growth.7  This was 

intriguing to use as a testbed for the effects of 2 dimensional confinement of charge 

carriers in electronic devices.  Additionally, this spurred research into forming a vast 

array of 1D semiconducting and metallic structures via VLS, as well as solution-based 

methods such as solution-liquid-solid (SLS),8 supercritical fluid-liquid-solid (SFLS),9 and 

surfactant-based approaches. 
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While the discovery of these new materials has spurred research, nanomaterials 

have actually been used in commercial applications for decades.  Nanoparticles are used 

extensively in many applications, such as pigments in paints, cosmetics, antireflective 

and UV-protective coatings,10 and as fillers in polymers to enhance mechanical properties 

to name a few.  These nanoparticles are used primarily for their very high available 

surface area and optical transparency.  Semiconductor nanocrystal, however are a special 

class of nanoparticles—crystalline and typically no more than about 20 nm in diameter, 

they usually exhibit quantum confinement effects and unique physical properties.  An 

extensive colloidal chemistry using capping ligands to control size without aggregation 

has been developed to produce nanocrystals of a wide range of composition.   Gas-phase 

synthesis combined with post-synthesis colloidal manipulation has also become an 

effective way to obtain nanocrystals in this size range.  Nanocrystals can be generated 

with very narrow size distributions (5-10% standard deviation about the mean diameter); 

particle shape can be manipulated (i.e., disks, rods, tetrapods, etc.); and different 

materials can be interfaced in individual nanocrystals to form heterostructures, such as 

core-shell, rod-tip, or striated structures.  An extensive library of nanocrystal materials is 

available to build electronic devices.  Semiconductor nanocrystals are essentially 

macromolecules that are composed of a crystalline inorganic core terminated with 

capping ligands that can be dispersed and handled in solvents like inks for depositing 

inorganic films.      



 3 

1.1. NANOCRYSTAL DEPOSITION AND THEIR USE AS “BUILDING BLOCKS” FOR NEW THIN 

FILM MATERIALS 

Nanocrystal films can be deposited by simple drop-casting from solvent 

dispersions, which can often provide sufficiently uniform local area coverage on a 

substrate for laboratory tests of material properties.  Commercial applications, however, 

require much better control over film thickness and uniformity.  Various nanocrystal 

deposition methods that have been studied to achieve better uniformity include covalent 

grafting on chemically modified surfaces, spray deposition,11 inkjet printing,12 spin-

coating,13 and layer-by-layer deposition.14  Nanocrystal films can also be assembled on 

liquid interfaces15 and then deposited and patterned on substrates by contact transfer16-18.    

Monodisperse nanocrystals can spontaneously order into superlattices upon 

solvent evaporation.19-22  For many applications, it is not clear how important ordered 

assembly is, although studies on metal nanocrystals have shown that order can 

significantly improve carrier transport.23  Applications that rely on specific size-

dependent properties, like the color of light emitting quantum dots in ncLEDs, clearly 

require uniformity particle size.  Structurally complex binary nanocrystal superlattices 

(BSLs) offer further capability to mix nanocrystals with different properties, such as 

semiconductor and magnetic nanocrystals for example in a highly controlled manner.21, 24, 

25  Recently, rapid binary superlattice film formation has been demonstrated over large 

areas (~cm’s) on liquid interfaces (Figure 1.1).15  These structures are mechanically 

stable enough to be transferred to solid supports for device fabrication.   
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Figure 1.1. Nanocrystal assembly.  (a) A bidisperse dispersion of sterically-stabilized 

nanocrystals is dropped on an air-liquid interface and the solvent evaporates 

under controlled conditions.  The nanocrystals float on the liquid interface 

and order into a BSL membrane.  The photograph shows a typical BSL 

membrane transferred to a SiO2 coated Si wafer. (b) TEM image of a BSL 

of 15 nm Fe3O4 and 6 nm FePt nanocrystals with (c) a crystallographic 

model of the structure and (d) a scanning electron microscopy (SEM) image 

of the BSL.  Reprinted by permission from Macmillan Publishers Ltd: 

Nature 446, 474-477 (22 July 2008).   
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1.2. NANOCRYSTALS FOR BIOMEDICAL APPLICATIONS 

Nanocrystals have great potential advantages for biomedical applications.  Their 

small size enables them to permeate cell membranes.  Although many quantum dots 

contain toxic heavy metals (e.g. CdSe,26 HgTe,14 InAs27), the toxicity can be reduced by 

growing an epitaxial shell (such as ZnS), or using less common alternative quantum dot 

materials.  Recent works have demonstrated the ability of colloidal nanocrystals to be 

suitable candidates for biolabeling,28-30 in vivo imaging,31-33 and photothermal therapy.34 

1.3. NANOCRYSTAL SYNTHESIS 

Semiconductor nanocrystals are in a sense very large molecules.  They can be 

synthesized chemically using organic ligands to bond to and protect the nanocrystal 

surfaces.  One of the major appeals of colloidal nanocrystals is the ability to finely 

control the size, shape, composition, and crystal structure of the material.  A wide variety 

of colloidal nanocrystals can be synthesized by “hot injection” methods in which metal 

salts and/or organometallic precursors are combined in a hot solvent.  Some common 

precursors include metal chlorides, oxides, metal-phosphonates/oleates, and 

trioctylphosphine chalcogenides (TOP:E, where E is a chalcogen).  Capping ligands in 

the reaction mixture restrict growth by binding the growing nanocrystal.  Examples of 

capping ligands include trioctylphosphine oxide (TOPO), amines, thiols, and phosphonic 

acids.  Some capping ligands can control reaction kinetics as well as direct growth by 

selectively binding to specific crystallographic facets.  Nanocrystals can be synthesized 

with polydispersities of less than 10%.   
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In a typical reaction, one precursor is injected into the reaction mixture to induce 

a burst of nucleation.  A schematic is shown in Figure 1.2. Several reviews have 

discussed control of nanocrystal synthesis in great detail.35, 36  

 

 

Figure 1.2. An illustration of nanocrystal synthesis. 

 

Heterostructures such as core-shell,37-39 rod-tip,40 striated structures can be 

synthesized by sequential injections of precursors or post-synthesis cation exchange.41-44  

Depending on the valence and conduction band alignments and geometry, these 

heterostructures can enhance exciton dissociation or recombination.40, 45, 46 
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1.3.1. Nanocrystal Assemblies 

The basis of nanocrystal electronics is not individual nanocrystals, but their 

collective assemblies.  Nanocrystal assemblies can be disordered or ordered, with one 

component or many.  While the electronic properties within a semiconductor nanocrystal 

may be similar to that of the bulk semiconductor, the large surface area of the collective 

assembly and the barriers that exist between individual nanocrystals tend to dominate 

transport.  Ligand-stabilized nanocrystals will arrange into ordered structures upon 

evaporation of the solvent due to competing van der Waals interactions between the 

inorganic hard spheres and steric stabilization provided by the ligand shell.19 Through 

controlled evaporation, translation order can increase to length scales of several microns. 

Such assemblies are commonly referred to as superlattices.  Binary nanocrystal 

assemblies have been synthesized in a variety of different structures.  Binary nanocrystal 

assemblies isostructural to AlB2,25 NaZn13, CaCu5, MgZn2, MgNi2, Cu3Au, Fe4C, and 

NaCl have been synthesized.21, 22, 47 Proposed driving mechanisms for assembly include 

entropic,22, 48 Coulombic,21 depletion,49, 50 dipole,35, 51 and van der Waals interactions.21, 

22, 47, 52 Recently, the Murray group has demonstrated deposition of superlattices on 

centimeter-scale substrates by directed assembly at a controlled air-liquid interface.15, 18  

A photograph of a binary superlattice created at an air-liquid interface along and SEM 

images down different orientations is shown in Figure 1.1. 
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1.3.2. Deposition methods 

1.4. ELECTRONIC PROPERTIES OF NANOCRYSTALS 

The electronic properties of amorphous and granular materials have been studied 

in great detail for several decades.  A large amount of the theoretical framework used to 

describe this materials was developed by Mott,53, 54 Altshuler,55 and Efros and 

Shklovskii.56 In early days of studying these theories, the only available samples to test 

these theories were highly polydisperse semiconductor and metal particles.  The recent 

advancements in colloidal nanomaterials synthesis have enabled the ability to test these 

theoretical frameworks with greater detail. 

Nanocrystals are typically capped with aliphatic chains ranging from about 8 to18 

carbons long that enable controlled synthesis and dispersibility in solvents.  However, for 

electronic application, these insulating chains hinder charge transport by reducing 

electronic coupling.  In a film of nanocrystals, the coupling energy, can be expressed as 𝛽 

= h Γ, where h is Planck’s constant and Γ is the exchange coupling energy, which can be 

approximated as 

 
Γ~𝑒−2�

(2𝑚∗Δ𝐸)
ℏ2 �

1
2�
Δ𝑥 (1) 

Where 𝑚∗is the carrier effective mass, Δ𝐸 is the height of the tunneling barrier, 

and Δ𝑥 is the minimum edge-to-edge distance of particles. The tunneling rate drops 

exponentially with interparticle separation, with a weaker dependence on effective mass 

and energy barrier.  Many reports indicate the removal of bulky ligands or replacement 

with smaller molecules to greatly increase conductivity.57, 58 
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A second important contributor to conduction in nanocrystal solids is the 

Coulombic charging energy, Ec, which is the energetic cost for placing an additional 

charge carrier inside a nanocrystal.  Charging energies of individual nanocrystals have 

been measured for Au59 and CdSe60 nanocrystals.  The charging energy of a nanocrystal 

with radius r in a medium with relative dielectric constant 𝜖𝑚can be expressed as 

 
𝐸𝑐 =

𝑒2

4𝜋𝜖0𝜖𝑚𝑟
 

(2) 

where e is the fundamental charge.  

Strong coupling occurs when the coupling energy is greater than the available 

thermal energy  (𝛽 > 𝑘𝐵𝑇).  When 𝛽 > 𝐸𝑐, carriers can  begin to move freely through the 

nanocrystal solid.  In this formalism, the transition between the Coulombic-dominated 

(insulating) and coupling-dominated (conducting) is called a Mott metal-insulator 

transition.  Mott had described these transitions in disordered semiconductors and oxide 

materials.53, 54, 61 This has been observed in nanocrystals, with transitions occurring both 

as a function of nanocrystal separation and through reduction of the energetic barrier via 

use of conducting ligands.  Coupling has been demonstrated via changes in both 

conductivity and optical properties. 

The electrical conductivity (σ) of a semiconductor is related to the free carrier 

(i.e., electron and hole) concentrations and the electron and hole mobilities: 

 𝜎 = 𝑛𝑒𝜇𝑒 + 𝑝𝑒𝜇𝑝 (3) 

n and p are the electron and hole carrier concentrations, and  𝜇𝑒 and 𝜇𝑝 are the 

electron and hole carrier densities.  In a doped semiconductor, one type of carrier has a 
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much greater concentration than the ther (called the majority carrier).  In these cases, the 

contribution to conductivity from the carrier with lower concentration (minority carrier) 

can be neglected.  In nanocrystal films, conductivity can be measured by simply by 

passing a current between two points and measuring the voltage (or vice-versa).  

However, a four-point probe technique is typically used to eliminate contact resistance. 

1.4.1. Models of electronic transport through nanocrystal solids 

Carrier transport through semiconductor nanocrystal films typically occurs by 

hopping, variable range hopping (VRH) or Efros-Shklovskii (ES) VRH.  The mobility 

(and conductance) typically increases with increasing temperature.  At lower temperature 

for a variety of nanocrystal films including CdSe62 and PbSe,  , where v depends on 

dimensionality of the system.  At higher temperatures, hopping can occur and the 

temperature-dependence of the conductance follows Arrhenius-like temperature 

dependence.62   Coulomb charging in smaller nanocrystals further hinders transport and 

the Efros-Shklovskii (ES)-VRH model is more applicable.   

The replacement of bulky organic, electrically insulating, ligands with smaller 

molecules like hydrazine or short-chain dithiols can significantly increase the 

conductivity of nanocrystal films.57, 58, 63  In fact, annealed (200°C) In2Se4
2--capped CdSe 

nanocrystal films with very high the field-effect mobilities (16 cm2V-1s-1) showed a 

decreased mobility with increasing temperature, characteristic of band transport.64 
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1.4.2. Doping nanocrystal solids 

Substitutional impurity atom doping of nanocrystals has not been effective for 

controllably modulating the electrical properties of nanocrystal films.  A 5 nm diameter 

Si nanocrystal has about 1,300 atoms, so a single impurity atom adds an extremely high 

doping concentration of ~1019 cm-3, making it impossible to achieve moderate doping 

levels.  Therefore, external doping has been explored.  Hydrazine exposure of PbSe and 

PbTe nanocrystals has led to n-type behavior.57  K vapor exposure has led to doping of 

CdSe nanocrystal films.65  ZnO nanocrystals have been doped with added sodium 

biphenyl.  Nanocrystals themselves can also serve as dopants.  For instance, p-type 

conductivity that was significantly enhanced when PbTe and Ag2Te nanocrystals were 

combined compared to the pure nanocrystal films.66  Heterostructure nanocrystals may 

also provide a way to control carrier concentrations, as in the case of core-shell Au-PbS 

nanocrystals that exhibited p-type conductivity, presumably due to the injection of a 

mobile hole into the PbS valence band from the Au core.67 
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1.5. DISSERTATION OVERVIEW 

 The synthesis of characterization of a variety of nanocrystal systems is discussed 

in Chapter 2.  In particular, the synthesis and characterization of CuInSe2, CuInS2, 

CuInXGa1-XSe2, and Cu2SnZnS4 nanocrystals for photovoltaic applications is discussed.  

In addition, this chapter will describe the synthesis and characterization of quantum 

confined CuInSeXS2-X nanocrystals.  Chapters 3 and 4 will discuss the utilization of 

CuInSe2 nanocrystals in proof-of-concept photovoltaic devices and processing of 

CuInSe2 nanocrystal films, respectively. 

 Chapter 5 explores the use of quantum confined CuInSeXS2-X nanocrystals for in 

vivo imaging.  The nanocrystals are incorporated into polymer microspheres and 

conjugated with a protein that targets specific cells in the gut.  Chapters 6 and 7 discuss 

the characterization of luminescent Si nanocrystals.  Their luminescence is studied in 

Chapter 6, while in Chapter 7 the nanocrystals are imaged using transmission electron 

microscopy using graphene as a support.  Chapter 8 summarizes the main points of this 

dissertation and suggests areas for future work.  
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Chapter 2: Synthesis of Colloidal CuInS2, CuInSe2, and CuInXGa1-XSe2 , 
and Cu2ZnSnS4 Nanocrystals† 

2.1. INTRODUCTION 

I−III−VI2 chalcopyrite compounds, particularly copper indium gallium selenide 

(Cu(InxGa1-x)Se2; CIGS), are effective light-absorbing materials in thin-film solar 

cells.1 These materials possess advantageous properties for solar applications: their band 

gap energy is at the red edge of the solar spectrum; they are direct band-gap 

semiconductors with correspondingly high optical absorption coefficients and CIGS 

materials, in contrast to other candidate materials for thin-film solar cells such as CdTe 

and amorphous silicon (a-Si), are stable under long-term excitation.2  High efficiency 

CIGS-based devices are typically fabricated using polycrystalline films, and single-

junction CIGS solar cells have demonstrated over 20% solar energy conversion 

efficiency,1 which is significantly higher than either CdTe or a-Si based 

devices.  Furthermore, CIGS devices and manufacturing processes may have less 

environmental impact than those with thin film materials with large amounts of Cd and 

Pb, like CdTe and PbSe based solar cells, although to date the highest efficiency CIGS 

photovoltaic (PV) devices have nonetheless required CdS buffer layers.  

One of the hurdles currently impeding widespread commercialization of CIGS-

based solar cells is the difficulty in achieving controlled stoichiometry over large device 

areas, leading to high manufacturing costs and poor device yield. CIGS layers in state-of-

                                                 
† Portions of this chapter appear in Journal of the American Chemical Society 130(49), 16770-16777 
(2011) and Journal of the American Chemical Society 131(35), 12554-12555 (2009). 
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the-art devices are deposited by a multistage coevaporation process in which alternate 

copper, indium, and gallium layers are deposited followed by reacting with a selenium 

source, Se, or H2Se gas, in the chamber. This process is time-consuming and the CIGS 

stoichiometry is difficult to control; intermetallic phases can form and the Se content can 

vary significantly in the films.  Large material losses on the deposition chamber walls 

also increase cost. For all of these reasons, alternative CIGS layer deposition strategies 

are desired. 

One approach with the potential to produce CIGS layers with controlled 

stoichiometry without the need for high temperature annealing is to chemically 

synthesize CIGS nanocrystals with controlled stoichiometry and crystal phase and 

disperse them in solvents, creating a paint or ink. Such an approach of printable CIGS 

inks makes accessible a range of solution-based processing techniques and may lead to 

inexpensive fabrication routes for CIGS light-absorbing layers.) A chemical, solution-

based approach alleviates the need for a high temperature annealing step under selenium 

atmosphere and may solve the CIGS “selenium problem” - that is, avoiding Se loss and 

achieving the correct CIGS stoichiometry in films covering large substrate 

areas.3 Photovoltaic devices incorporating nanocrystalline-based CdSe/CdTe4 and 

CuS5 absorber layers have been reported and demonstrated solar energy conversion 

efficiencies as high as 2.9%, although a high temperature anneal at 400 °C was required. 

Semiconductor nanocrystals have also been combined with polymers to produce solution-

processed photovoltaics, such as hybrid CdSe nanocrystal/poly-3(hexylthiophene) solar 

cells, which yield reported efficiencies of up to 1.7%.6 Many different semiconductor 
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nanocrystals can be synthesized by colloidal routes, including groups 

II−VI,7 III−V,8 I−VI.5 IV−VI,9 and IV semiconductors,10-12 but the synthesis of 

I−III−VI2 nanocrystals is much less developed. Nonetheless, there are literature reports of 

the synthesis of ternary chalcopyrite compound nanocrystals, such as CuInS2, CuInSe2, 

and other I−III−VI2 semiconductor nanocrystals such as AgInS2.13  These nanocrystals, 

however, generally suffer from relatively low yields, poor crystallinity, and poor 

uniformity in composition and phase. This is not surprising considering that many of 

these systems have very complicated phase diagrams and nanocrystals can further exhibit 

greater phase complexity than the corresponding bulk materials.14  

2.2. NANOCRYSTAL SYNTHESIS 

2.2.1. CuInS2 Nanocrystal Synthesis 

A 0.26 g (1 mmol) portion of Cu(acac)2 and 0.41 g (1 mmol) of In(acac)3 are 

added to 7 mL of DCB in a 25 mL three-neck flask in air. In a separate 25-mL three-neck 

flask, 0.064 g (2 mmol) of elemental sulfur is dissolved in 3 mL of DCB in air. Both 

flasks are then attached to a Schlenk line and purged of oxygen and water by pulling 

vacuum at room temperature for 30 min, followed by N2 bubbling at 60 °C for 30 min. 

Between 0.5 and 2 mL (1.5 to 6 mmol) of OLA are added to the (Cu, In)-DCB mixture 

and both flasks are heated to 110 °C and combined, maintaining a N2 flow. The reaction 

mixture is refluxed (~182 °C) for 1 h under N2 flow. The reaction is allowed to cool to 

room temperature, and the nanocrystals are separated by adding excess ethanol. The yield 

of solution-stable nanocrystals after purification was ~90%. 
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2.2.2. CuInSe2 Nanocrystal Synthesis 

2.2.2.1. CuInSe2 Nanocrystal Synthesis using elemental Se 

In a nitrogen-filled glovebox, 1 mmol of CuCl (0.099 g), 1 mmol of InCl3(0.221 

g), and 2 mmol of elemental Se (0.158 g) are combined in a 25-mL three-neck flask with 

an attached condenser and stopcock valve. The stopcock valve is closed before removing 

the flask from the glovebox, where it is attached to a Schlenk line and placed on a heating 

mantle. OLA (10 mL) stored in air is injected into the flask. The flask is purged of 

oxygen and water by pulling vacuum at 60 °C for 1 h, followed by N2 bubbling at 110 °C 

for 1 h while stirring. The mixture is then heated to 200 °C for 10 min. followed by 

260°C for 30 min under vigorous stirring. The reaction is cooled to ~100 °C, where ~10 

mL of chloroform is added to quench the reaction and ~5 mL of ethanol is added to 

precipitate the nanocrystals. After adding the ethanol, the reaction mixture is immediately 

removed and placed in a centrifuge tube. A significant amount of poorly capped and large 

(up to 200 nm diameter) nanocrystals are found in the crude reaction product, which is 

separated from the well-capped nanocrystals. The typical product yield of the well-

dispersed CuInSe2 nanocrystals was ~80%. Arrested precipitation procedures in which 

OLA complexes of Cu, In, and Se were formed separately and then combined at high 

temperature yielded nanocrystals that were very unstable when purified and redispersed. 

2.2.2.1. CuInSe2 Nanocrystal Synthesis using Tributylphosphine selenide 

In a nitrogen-filled glovebox, 1 mmol of CuCl (0.099 g), 1 mmol of InCl3(0.221 

g) are combined in a 25-mL three-neck flask with an attached condenser and stopcock 
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valve inside of glovebox. Dry OLA (10 mL) stored in a glovebox is injected into the 

flask. The stopcock valve is closed before removing the flask from the glovebox, where it 

is attached to a Schlenk line and placed on a heating mantle. The flask is purged o by 

pulling vacuum at 60 °C for 1 h, followed by N2 bubbling at 110 °C for 1 h while stirring. 

During this heating, the precursor powders dissolve in oleylamine forming a yellow-

orange solution.  The mixture is then heated to 180°C, and 2 mL of 1M tributylphosphine 

selenide is injected into the solution, and the orange solution immediately begins to turn 

brown.  The flask is heated to 240°C and allowed to react for 30 min.  The reaction is 

cooled to 100 °C, where 10 mL of chloroform or toluene is added to quench the reaction 

and ~5 mL of ethanol is added to precipitate the nanocrystals. After adding the ethanol, 

the reaction mixture is immediately removed and placed in a centrifuge tube. Reactions 

carried out for less than 4 h yielded nanocrystals with a larger size distribution and more 

agglomeration when dispersed after purification. A significant amount of poorly capped 

and large (up to 200 nm diameter) nanocrystals are found in the crude reaction product, 

which is separated from the well-capped nanocrystals. The typical product yield of the 

well-dispersed CuInSe2 nanocrystals was ~10%. Arrested precipitation procedures in 

which OLA complexes of Cu, In, and Se were formed separately and then combined at 

high temperature yielded nanocrystals that were very unstable when purified and 

redispersed. 
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2.2.3. Cu(In,Ga)Se2 Nanocrystal Synthesis 

A typical reaction is carried about by adding 1 mmol of CuCl (0.099 g), 2 mmol 

of elemental Se (0.158 g), and 1 mmol total of InCl3 (0.00 to 0.221 g) and GaCl3 (0.00 to 

0.111 g) to a 25-mL three-neck flask with attached condenser and stopcock valve in a 

nitrogen-filled glovebox. The stopcock valve is closed before removing the flask from the 

glovebox, where it is attached to a Schlenk line and placed on a heating mantle. OLA (10 

mL) is injected into the flask. The flask is purged of oxygen and water by pulling vacuum 

at 60 °C for 1 h, followed by N2 bubbling at 110 °C for 1 h while stirring. The mixture is 

then heated to 240 °C, and the reaction proceeds for 4 h under vigorous stirring. The 

product yield of CuInxGa1-xSe2nanocrystals with x < 1 ranged from 20%−60% after 

purification.  Using trialkylphosphines in this reaction results in poor control of Ga 

concentration in the nanocrystals. 

2.2.4. Synthesis of Cu2ZnSnS4 (CZTS) Nanocrystals 

 In a typical reaction, 0.52 g of Cu(acac)2 (99.99+%), 0.29 g of zinc acetate 

(99.99%), 0.18 g of SnCl2 (99.99+%), 0.13 g of S (99.98%) were added to 40 mL of 

OLA (70%) in a 100 mL three-neck flask on a Schlenk line. The reaction mixture was 

degassed under vacuum for 2 h, purged with N2 for 30 min at 110 °C, heated to 280 °C 

for 1 h, and then cooled to room temperature. The nanocrystals were then isolated by 

precipitation with ethanol followed by centrifugation. Solid reaction byproducts and 

poorly capped nanocrystals were removed by redispersion in chloroform and 

centrifugation at 8000 rpm for 2 min. The nanocrystals were washed three more times by 
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solvent/antisolvent precipitation with chloroform/ethanol. A typical reaction yielded 

200 mg of nanocrystals. 

2.2.5. Synthesis of Quantum-confined CuInSXSe2-X Nanocrystals 

In a typical reaction, 5 mmol Cu(acac)2 (1.3g), 5mmol In(acac)3 (2.5 g), 20 mL ODE and 

10 mL DDT are placed in a 100 mL 3-neck round bottom flask equipped with a magnetic 

stir bar.  The flask is connected to a condenser and sealed with rubber septa.  A 

thermocouple is inserted through one septum to measure the solution temperature.  The 

flask is attached to a Schlenk line and is heated with a heating mantle.  The contents are 

first put under vacuum (~300 mTorr) and heated to 110ºC for 1 hr while stirring.    The 

dispersion, which is initially blue and opaque, transforms into a transparent yellow, 

viscous solution as it is heated.  After 1 hr, the solution ceases to bubble, indicating that 

all moisture is removed and the flask is thoroughly degassed.  The flask is then put under 

a N2 atmosphere and the temperature is quickly ramped to 180ºC, where immediately 10 

mL of 1M TBP:Se is injected rapidly.  Upon injection the temperature drops to ~160 ºC 

and the flask contents becomes almost colorless.  The temperature is then ramped to 

220ºC, and aliquots are taken along the course of the reaction.  Reaction temperatures 

over 240ºC lead to uncontrolled growth, with a final product containing mostly large 

precipitates with no observed photoluminescence.  The solution color is initially pale 

yellow, and as time goes on the color progresses from yellow to orange, red, and finally 

dark brown.  Aliquots were taken to monitor the photoluminescence peak.  The 

photoluminescent quantum yield of these aliquots were typically between 5 and 10%.  A 
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ZnS shell precursor solution was prepared by combining zinc bis(ethyl xanthogenate) 

(100 mg), zinc (II) oleate (900 mg).  ODE (10 mL), trioctylphosphine (3 mL) and 

oleylamine (1 mL).  The CISS nanocrystals are coated with ZnS by cooling the reaction 

solution to 190ºC and injecting this solution into the reaction flask.  The mixture is stirred 

overnight to allow the shell to form.  The heating mantle is removed and the mixture is 

allowed to cool to room temperature.  The nanocrystals are precipitated by adding an 

ethanol/toluene (~2:1 vol:vol) mixture and centrifuging at 8000 rpm for 5 min.  Addition 

of only ethanol as an antisolvent is not effective because ethanol is not miscible in 

octadecene, and the mixture phase segregates. 

2.2.6. Nanocrystal Purification 

The nanocrystal products were purified by precipitation with excess ethanol 

followed by centrifugation at 8000 rpm for 10 min. After such a washing step, the 

supernatant contains unreacted precursor and byproducts and is discarded. The 

nanocrystals are in the precipitate. The nanocrystals are then redispersed in 10 mL of 

chloroform and centrifuged at 7000 rpm for 5 min to remove poorly capped nanocrystals 

and large particulates, which settle during centrifugation. The well-capped nanocrystals 

remain dispersed in the supernatant. The precipitate is discarded and a small amount of 

OLA (0.2 mL) is subsequently added to the supernatant to ensure complete surface 

passivation of the nanocrystals. To remove excess capping ligands and remaining 

impurities, the product is again precipitated using ~5 mL of ethanol and centrifuged at 

8000 rpm for 10 min, then redispersed in chloroform. This process is done three times to 
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obtain a high-purity product. The isolated nanocrystals disperse in various nonpolar 

organic solvents, including hexane, toluene, decane, chloroform, and TCE. 

2.3. RESULTS AND DISCUSSION 

2.3.1. CuInS2 Nanocrystals 

CuInS2 nanocrystals were synthesized using a variation of the procedure 

developed by Ghezelbash and Korgel for CuS nanocrystals,14 by adding In(acac)3 as an In 

source to the reaction: Elemental sulfur dissolves in dichlorobenzene and could be used 

directly as the sulfur source. Figure 2.1 shows TEM images of CuInS2 nanocrystals. The 

nanocrystal size could be roughly controlled by varying the OLA/metal ratio. 

Figure 2.1 shows CuInS2 nanocrystals with two different average diameters obtained by 

varying the OLA/metal ratio in the reaction. The average nanocrystal diameter was 

increased from 6 to 12 nm as the OLA/metal ratio by decreasing the ratio from 6:1 to 3:1. 

The nanocrystal shape was not perfectly spherical, which contributed to the relatively 

broad size distributions of the nanocrystals. 
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Figure 2.1. TEM images of CuInS2 nanocrystals synthesized with varying OLA/(Cu+In) 

mole ratios: (a,b) 6:1, 8 nm diameter; (c,d) 3:1, 12 nm diameter. 

 High resolution TEM (Figure 2.2) showed the crystallinity of the nanocrystals, 

with lattice spacings corresponding to tetragonal CuInS2. 
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Figure 2.2.  HRTEM images of a CuInS2 Nanocrystals (a,b) and their respective fast 

Fourier transforms (FFTs) (c,d). The d-spacings correspond to chalcopyrite 

(tetragonal) CuInS2. 

 XRD (Figure 2.3) confirmed that the nanocrystals are chalcopyrite (tetragonal) 

CuInS2 and that no other phases are produced in the reaction. EDS from fields of 



 29 

nanocrystals gave an average Cu/In/S composition of 0.29:0.25:0.46, which is near the 

target 0.25:0.25:0.5 ratio, considering the error of the EDS detector (approximately ±2 

atom %) and that Cu is slightly overrepresented in the EDS spectra because of signal 

from the Cu sample holder. There was no compositional variation from particle to 

particle within the error of the EDS detector.  
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Figure 2.3.  XRD and (inset) elemental composition measured by EDS of 8 nm diameter 

CuInS2 nanocrystals. The peak labels correspond to those of chalcopyrite 

(tetragonal) CuInS2 (JCPDS No. 085-1575). 

 

The band gap energy determined from absorbance spectra (Figure 2.4) of optically clear 

(i.e., nonscattering) dispersions of nanocrystals was found to be 1.29 eV (960 nm), which 
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is within the range of the CuInS2 band gap energy (which has been reported to lie 

between 1.2 and 1.5 eV) reported in literature.  

 

Figure 2.4.  Room temperature absorbance spectrum of 8 nm diameter CuInS2 

nanocrystals dispersed in hexane. 

2.3.2. CuInSe2 Nanocrystals 

CuInSe2 nanocrystals could not be synthesized using an approach similar to 

CuInS2 because unlike S, Se does not dissolve in dichlorobenzene. After exploring a 

variety of different reaction approaches, one effective route was a direct combination of 
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Cu and In salts and solid Se in a flask with oleylamine followed by heating to 240 °C for 

4 h.  Figure 2.5 shows TEM images of a typical CuInSe2 nanocrystal preparation. The 

nanocrystals are approximately 15 nm in diameter.  

 

Figure 2.5. TEM images of CuInSe2 nanocrystals with an average diameter of 15 nm. 
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Both high-resolution TEM (Figure 2.6) and XRD (Figure 2.7) confirmed that the 

nanocrystals are crystalline with tetragonal chalcopyrite CuInSe2 structure. The d-

spacings observed in TEM and the FFTs of the TEM images are also consistent with 

tetragonal CuInSe2.  
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Figure 2.6.  (a,b) HRTEM images of CuInSe2 nanocrystals and (c,d) their FFTs. The 

observed d-spacings and the indexed FFTs are consistent with chalcopyrite 

(tetragonal) CuInSe2. 

No other crystal phases were observed in the XRD patterns of the product.  
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Figure 2.7.  XRD pattern of chalcopyrite CuInSe2 nanocrystals (JCPDS No. 00-040-

1487). The scattering intensity is plotted on a logarithmic scale to elucidate 

the (211) peak. Dashed boxes indicate reflections that are unique to 

chalcopyrite (CuInSe2). 

Compositional analysis by ICPMS showed that the average composition of the 

nanocrystals in the sample has a molar Cu/In/Se ratio of 1:1:2 and the composition of 

individual particles measured by EDS was 1:1:2 with a variation from particle to particle 

less than the experimental error of ca. ±2 atom %. 

Like the CuInS2 nanocrystals, the CuInSe2 nanocrystals are not spherical and 

exhibit significant faceting. The faceting has thus far been difficult to control, but this 
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might be addressed by the optimization of several factors, including the capping-ligand 

chemistry and the way reactants are added to the reaction. The relatively broad size 

distribution of the nanocrystals (ranging from as small as 5 nm to as large as 25 nm) is 

largely the result of this irregularity in particle shape. 

2.3.3. Cu(Inx,Ga1-x)Se2 (CIGS) Nanocrystals 

CIGS nanocrystals were synthesized following the approach developed for 

CuInSe2 nanocrystals, but with the addition of GaCl3 to the reaction mixture in the 

desired In/Ga mole ratio. 

The In/Ga ratio could be tuned across the entire stoichiometric range with x from 

0 to 1 using this approach. Figure 2.8 shows TEM images of CuInxGa1-

xSe2 with x ranging from 0.79 to 0.  
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Figure 2.8. TEM images of CuInXGa1-XSe2 nanocrystals with (a) x = 0.79, (b) 0.56, (c) 

0.21, and (d) 0. 

Figures 2.9 and 2.10 show XRD data of CIGS nanocrystals synthesized with 

Ga/In ratios varying from 0 to 1. All of the patterns are consistent with chalcopyrite 

(tetragonal) crystal structure and exhibit the expected amount of peak broadening due to 
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their nanoscale crystal domain size. The diffraction peaks shift to higher 2θ with 

increasing Ga content, due to the decreased lattice spacing with smaller Ga atoms 

substituting for larger In atoms.  
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Figure 2.9. XRD patterns of CIGS nanocrystals synthesized with varying In:Ga ratios: 

(a) CuInSe2 (b) CuIn0.79Ga0.21Se2 (by EDS) (c) CuIn0.51Ga0.49Se2 (by EDS) 

(d) CuGaSe2 nanocrystals. The diffraction patterns correspond to those of 

the tetragonal chalcopyrite phases of the respective compounds. The 

indexing of the peaks noted in (a) correspond to the expected peaks 

positions of the chalcopyrite compounds. 
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Figure 2.10. Magnification of the (112) XRD peaks from Figure 2.9 of the CIGS 

nanocrystals: (a) CuInSe2 (b) CuIn0.79Ga0.21Se2 (by EDS) (c) 

CuIn0.51Ga0.49Se2 (by EDS) (d) CuGaSe2 nanocrystals. The reference 

positions are for CuInSe2 (JCPDS#00−040−1487), CuIn07Ga0.3Se2 

(JCPDS#00−035−1102), CuIn0.5Ga0.5Se2 (JCPDS#00−040−1488), and 

CuGaSe2 (JCPDS#00−031−0456). 
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The In/Ga ratio of the nanocrystals determined by ICPMS and EDS were 

consistent with the In/Ga mole ratio in the reaction mixture. Additionally, EDS 

measurements on different nanocrystals on the substrate did not show any noticeable 

variation in Cu/In/Ga ratio from particle to particle in the sample. Table 2.1 summarizes 

the synthesis results. The band gap energies of the Cu(InxGa1-x)Se2 nanocrystals 

determined from room temperature absorbance spectra (Figure 2.11) (CuInSe2, 0.95 eV; 

CuIn0.56Ga0.44Se2, 1.14 eV; CuGaSe2, 1.51 eV) of nanocrystal dispersions were also 

consistent with energies of the corresponding bulk compounds: 0.95, 1.23, and 1.6 

eV.  The only noticeable difference in the nanocrystals with varying In/Ga ratio was that 

nanocrystals with higher Ga content were more difficult to stabilize in solution without 

aggregation. Particularly the CuGaSe2 nanocrystals were not easily dispersible after 

isolation from the reaction mixture. More effective capping approaches to Ga-rich 

nanocrystals are desirable. 

 

Table 2.1. Target ratios of precursors compared to measurements by EDS and ICPMS 

Target Compound 

precursor 
composition(atom 
ratio % 
Cu/In/Ga/Se) 

composition 
measured by EDS 
(atom ratio % 
Cu/In/Ga/Se) 

composition 
measured by ICPMS 
(atom ratio % 
Cu/In/Ga/Se) 

CuInSe2 25:25:50 29:25:0:46 25:25:0:50 
CuIn0.75Ga0.25Se2 25:19:6:50 25:18:5:52 26:15:9:50 
CuIn0.50Ga0.50Se2 25:13:12:50 27:14:12:47 26:13:11:50 
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Figure 2.11. Room temperature absorbance spectra of Cu(InxGa1-x)Se2 nanocrystals 

dispersed in hexane. The curves correspond to In/Ga stoichiometries of 

(a) x = 0, (b) x = 0.56, and (c) x = 1. An extrapolation of the spectra to 

identify the band edge is shown in the inset. The small feature at ~1400 nm 

is related to the absorbance of hexane. 
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2.3.4. Cu2ZnSnS4 (CZTS) Nanocrystals 

The CZTS nanocrystals were made by high-temperature arrested precipitation in the 

coordinating solvent, oleylamine (OLA). Copper(II) acetylacetonate [Cu(acac)2], zinc 

acetate [Zn(O2CCH3)2], tin(II) chloride dihydrate [SnCl2·2H2O], and elemental sulfur (S) 

were combined in OLA and heated to 280 °C for 1 h under an inert atmosphere. 

Figure 2.12 shows transmission electron microscopy (TEM) and scanning electron 

microscopy (SEM) images of a typical CZTS nanocrystal sample. The particles are 

crystalline and have an average diameter of 10.6 ± 2.9 nm and a slightly irregular, faceted 

shape. 
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Figure 2.12. (a, b) TEM and (c) SEM images of CZTS nanocrystals. In (b), the 

nanocrystal is imaged down the [1̅10] crystallographic zone axis. TEM 

images and EDS data were obtained on carbon-coated Ni grids (200 mesh, 

Electron Microscopy Sciences) using a JEOL 2010F transmission electron 

microscope equipped with an Oxford INCA EDS detector. SEM images 

were obtained using gold-coated soda lime glass substrates with a Zeiss 

Supra 40 VP scanning electron microscope operated at 1−10 keV. 
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The average composition of the nanocrystals determined by energy-dispersive X-ray 

spectroscopy (EDS) analysis of 25 nanocrystals was Cu2.08Zn1.01Sn1.20S3.70. The 

nanocrystals are slightly tin-rich and sulfur-deficient. Scanning transmission electron 

microscopy (STEM)−EDS elemental mapping of a field of nanocrystals (Figure 2.15) 

confirmed that Cu, Zn, Sn, and S are evenly distributed among the nanocrystals and that 

there is no noticeable compositional distribution among the nanocrystals. XRD (Figure 

2.13) matches kesterite CZTS.  The band-gap energy determined from the absorbance 

spectrum of a nanocrytal dispersion (Figure 2.14 inset) is 1.3 eV, which is close to the 

bulk literature value of ~1.5 eV for CZTS. 
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Figure 2.13. XRD pattern of CZTS nanocrystals [Cu Kα radiation (λ = 1.54 Å)]. The red 

reference pattern was simulated with CaRIne Crystallography 3.1 software 

using space group I4 and lattice parameters a = b = 5.427 Å and c = 10.848 

Å for kesterite CZTS (JCPDS no. 26-0575). XRD data were acquired on a 

Bruker-Nonius D8 Advance powder diffractometer with samples on quartz 

substrates, scanning at 6 deg/min in 0.02° increments for ~12 h. 
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Figure 2.14. STEM−EDS elemental map of CZTS nanocrystals. The images were 

obtained on a Tecnai G2 F20 X-Twin microscope at an accelerating voltage 

of 200 kV.  

2.3.4. Luminescent CuInSXSe2-X (CISS) Nanocrystals 

CuInSxSe2-x nanocrystals were synthesized via arrested precipitation in a high 

boiling point solvent octadecene with dodecanethiol as both a capping ligand and sulfur 

source.  Figure 2.16 shows TEM images of CISS nanocrystals synthesized with varying 

reaction times. The nanocrystals become larger with increasing reaction time.  Starting at 

approximately 1 hour, the particles begin to become more polydisperse, as can be seen in 

Figure 2.16(d).  Lattice spacing measurements from high resolution TEM are consistent 
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with a sphalerite or chalcopyrite crystal structure, with lattice spacings corresponding to 

CISS with a roughly 1:1 S:Se ratio.  

 

Figure 2.15. TEM of CISS nanocrystals at reaction with reaction times of (a) 2 min, 

(b)10 min, (c) 30 min, and (d) 1 hour.  Inset: high resolution TEM of a 

single CISS nanocrystal 
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XRD (Figure 2.16) confirmed that the nanocrystals are either chalcopyrite or 

sphalerite CISS and that no other phases are produced in the reaction.  The XRD spectra 

do not show peaks at ~17° and 35°, which correspond to the (101) and (211) lattice 

planes in the chalcopyrite crystal structure.  These peaks are expected to have ~1% of the 

intensity compared to the (112) ((111) for sphalerite) peak, and therefore cannot be 

distinguished due to the noise. The (112) peak lies between where the (112) peaks for 

chalcopyrite copper indium selenide and copper indium sulfide would be (JCPDS #).  

This indicates that the nanocrystals are an alloy of the two.  EDS from fields of 

nanocrystals gave an average Cu:In:S:Se composition of 1.0:1.0:1.3.0.7. There was no 

compositional variation from particle to particle within the error of the EDS detector.  In 

addition, the composition was not significantly different for samples with different 

reaction times.  However, when the growth temperature was reduced to 200°C or less, the 

nanocrystals became selenium rich, indicating lower reactivity of the dodecanethiol 

sulfur source, relative to the tributylphosphine selenide (TBP:Se).  However, these 

particles had poor photoluminescence quantum yields compared to those synthesized 

using higher temperatures.  Overcoating with a thin layer of ZnS resulted in an 

enhancement of PL quantum yield that was stable in air for several months. 
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Figure 2.16. Powder XRD pattern (top) and EDS spectrum (bottom) of CISS 
nanocrystals. 
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Absorbance and PL measurements (Figure 2.17) show evidence of quantum 

confinement in the CISS nanocrystals.  For the aliquot taken immediately after injection 

of the TBP:Se (0 min), there is an absorbance shoulder at approximately 380 nm.  There 

is a weak and broad PL peak (QY < 0.01%), centered around 610 nm.  As the reaction 

proceeds, the CISS nanocrystals grow, redshifting the absorbance and PL spectra.  After 

90 minutes, the absorbance shoulder shifts to ~650 nm, and the PL peak shifts to ~765 

nm.  Bulk CISS with the composition calculated by EDS would have band gap of about 

1.2 eV (1,030 nm).  This indicates that even after 90 minutes of growth time, the 

nanocrystals exhibit quantum confinement effects. 
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Figure 2.17.  Absorbance and photoluminescence spectra of CISS nanocrystals. 
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2.4. CONCLUSIONS 

Compound semiconductor nanocrystals are potentially useful for many electronic 

applications, like photovoltaics, light emitting diodes, thermoelectrics, and thin-film 

transistors.  CuInS2, CuInSe2, CIGS, and CZTS nanocrystals were all synthesized using 

oleylamine as the solvent.  By modifying the transition metal precursors and using 

dodecanethiol as both a ligand and sulfur source, quantum confined CuInSe2-XSX 

nanocrystals were synthesized. 
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Chapter 3: CuInSe2 Nanocrystal-based Photovoltaics‡ 

3.1. INTRODUCTION 

Nanocrystals are being actively studied for use as light-absorbing materials in 

photovoltaic devices (PVs).  PVs conveniently convert sunlight into electrical power, 

thus enabling the use of an abundant and sustainable energy source.  At the moment, the 

PV market is dominated by crystalline and polycrystalline Si devices, even though the 

technology remains more expensive than conventional fossil fuel-based energy.  

Alternatives to Si include thin film direct band gap semiconductors that do not require the 

extreme purity of Si to achieve high efficiency. CdTe and CuInXGa1-XSe2 (CIGS) PVs 

have exhibited efficiencies of over 20% for CIGS1 and 16.5% for CdTe.2  CdTe PVs can 

now be manufactured for lower cost than crystalline Si devices, but they are still too 

expensive for grid parity.   

Semiconductor nanocrystal inks can be deposited under ambient conditions on 

various substrates, including plastics, and could provide lower manufacturing cost than 

current technologies.  Nanocrystals also enable alternative device structures that are not 

be possible using conventional high temperature processing technology.  For example, 

nanocrystals can be embedded in polymers to take advantage of the light absorption 

properties of both materials, or implemented in photoelectrochemical cells like the dye-

sensitized solar cell, as illustrated in Figure 3.1.   

                                                 
‡ Portions of this chapter appear in Journal of the American Chemical Society 130(49), 16770-16777 
(2011), Energy & Environmental Science 3(10), 1600-1606 (2010), and Optics Express, 18(S3), A411-
A420 (2010) 
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Figure 3.1. Various possible device structures using nanocrystals:  (a) p-n heterojunction: 

(b) Schottky-barrier, (c) organic/nanocrystal hybrid, and (d) nanocrystal-

sensitized cells. 

3.2. SOLAR CELL OPERATION AND METRICS 

Figure 3.1 shows schematics of different nanocrystal-PV structures that have been 

studied.  The power conversion efficiency (η) of the device is a measure of how much of 

the incident solar radiation is converted into electrical energy3: 
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𝜂 =

𝑃𝑚𝑎𝑥
𝑃𝑖𝑛

 (1) 

Pin is the power of the light irradiated on the device and Pmax is the maximum power 

output of the device.  Typically, solar cells are tested with AM 1.5 spectral irradiation 

with 1 sun intensity, which has Pin =100 mW cm-1.  AM1.5 spectral irradiance (AM = 

airmass, 1.5= number of atmospheres refers to the solar spectrum at mid latitudes during 

mid-day, which is approximated by 5800K blackbody radiation passing through the 

Earth’s atmosphere from a solar zenith angle of 48.2°. 

There are fundamental limitations of the PCE.  Photons with energy below the 

band gap of the semiconductor are not absorbed.  When a photon with energy greater 

than the band gap is absorbed, there is an immediate relaxation of the photogenerated 

“hot” carrier to the bottom of the conduction band and any energy in the photon greater 

than the band gap energy is lost as heat.  The Schockley-Quiesser (SQ) limit of 33% for a 

single junction solar cell results from the combination of these two losses.4  For optimum 

performance of a single junction PV, the band gap of the semiconductor should be 

between 1.3 and 1.4 eV, otherwise the fundamental limit on the PCE is less than the SQ 

limit.  

The PV device consists of two semiconductor materials interfaced in the light-

absorbing region of the solar cell.  Often, only one of the semiconductors is the primary 

light absorbing material, but another semiconductor is needed to create a pn junction (or 

Schottky barrier) to induce separation of the photogenerated electrons and holes.    

Illumination leads to a photogenerated current, which is called the short circuit current 
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density (Jsc) at zero bias.  Under forward bias equal to the open circuit voltage (Voc), there 

is no current in the device.  Voc is limited by the energy difference between bands and 

levels in junctions.  The cell is operated in the fourth quadrant at the maximum power 

point, Pmax, as illustrated in Figure 6c.   The fill factor (FF), is a measure of how “square” 

the IV curve is when illuminated: 

 
𝐹𝐹 =

𝑃𝑚𝑎𝑥
𝑉𝑜𝑐 𝐽𝑠𝑐

 (2) 

High series resistance in the device (Rs), and low shunt resistance (Rp) both degrade the 

fill factor.  High shunt resistance occurs when the diode is leaky due to pinholes, cracks 

or other conductive pathways in the film.  High series resistance results from poor 

conduction in the device layers and poor interfaces.   

3.3. NANOCRYSTAL-BASED PHOTOVOLTAICS 

Nanocrystals can be dispersed in solvents and deposited and processed much like 

organic materials.  One of the first reported ncPV devices was made of a blended light-

absorbing layer of polymer (poly~2-methoxy,5-2--ethyl-hexyloxy-p- phenylenevinylene) 

and pyridine-capped CdSe nanocrystals.5  The power conversion efficiency was 0.6%, 

which was later improved to 1.7% by embedding CdSe nanorods in poly-3-

hexylthiophene (P3HT).6  Organics, however, are relatively unstable in air, especially 

under illumination at elevated temperature.  The first all-inorganic ncPV was reported in 

2006 with CdTe and CdS.7  Nanocrystals were deposited from solution and sintered at 

400oC to achieve PCEs of up to 2.9%.  Since then, many other ncPVs have been 

developed, including PbS,8 PbSe,9, 10 Cu2S,11  CuInSe2
12, 13, and Cu2ZnSnS4.14  The 
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highest ncPV device efficiency to date is about 6%.15-17  Nanocrystal inks also provide a 

semiconductor material amenable to solar cells fabricated on mechanically flexible and 

light-weight plastic substrates.  Flexible ncPVs of CuInSe2 nanocrystals on gold-coated 

polyimide substrates13 and Cu2S nanocrystals on polyethylene terephthalate films11 have 

been made. 

Nanocrystal-based PVs may offer access materials that are difficult to make as 

bulk thin films.  For example, Cu(In,Ga)Se2 (CIGS) thin films are made by annealing 

under selenium vapor at high temperatures of over 450oC to obtain the desired 

chalcopyrite CIGS material.18  Chalcopyrite CIGS nanocrystals on the other hand can be 

synthesized directly using colloidal methods with the desired composition and phase, 

dispersed in a solvent as an ink, and then simply coated onto a substrate for device 

fabrication.12  One of the goals of ncPV research is to obtain high efficiencies with low 

temperature device processing; however, substantially higher device efficiencies nearing 

10% have been achieved by sintering nanocrystal films as a result of improved 

transport.19-23  Similar approaches have produced nearly 7% CdTe solar cells.24  Table 1 

summarizes ncPV performance achieved to date.    
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Table 3.1.  Reported efficiencies of ncPV devices using various materials, device 

geometries and processing conditions.  

Nanocrystal 
Material Device Geometry η 

(%) 
Jsc 
(mA/cm2) 

Voc 
(mV) 

 
FF 

Processing 
T (°C)/ 
atmosphere 

Ref. 

Colloidal Nanocrystals 
CuInSe2 Au/CuInSe2/CdS/ZnO/ITO 3.1 16.3 410 0.46 RT/air 13 
CuInSe2 Mo/CuInSe2/CdS/ZnO/ITO 0.24 3.2 300 0.25 RT/air 12 
CZTS Au/CZTS/CdS/ZnO/ITO 0.23 1.95 320 0.37 RT/air 14 
CdSe & CdTe Ca/CdTe/CdSe/ITO 2.9 13.2 450 0.49 400/air 7 
Cu2S-CdS Al/CdS/Cu2S/ITO 1.6 5.63 600 0.47 150/unk 11 
PbS & TiO2 SnO2:F/TiO2/PbS/Au/Al 5.1 16.2 510 0.58 RT/air 16 
PbS &TiO2 SnO2:F/TiO2/PbS/Au/Al 5.5 20.6 480 0.56 RT/air 17 
PbS & TiO2 SnO2:F/TiO2/PbS/Au/Al 6.0 20.2 480 0.62 RT/air 15 
Nanocrystal Absorbers as a precursor for high temperature sintered films 
CuInSe2  Mo/CuInSe2/CdS/ZnO/ITO 2.8 25.8 280 0.39 500/ Se 23 
CIGSSe  Mo/CIGSSe/CdS/ZnO/ITO 5.5 23.7 460 0.51 500/Se 22 
CZTS Mo/CZTS/CdS/ZnO/ITO 0.8 11.5 210 0.33 500/Se 21 
 CZTSSe Mo/CZTSSe/CdS/ZnO/ITO 7.2 31.2 430 0.54 500/Se 20 
CZTGeSSe Mo/CZTGeSSe/CdS/ZnO/ITO 6.8 21.5 640 0.49 500/Se 19 
CdTe ITO/CdTe/ZnO/Al 6.9 20.7 590 0.56 350/air 24 
 
 

3.4. EXPERIMENTAL 

3.4.1. Fabrication of CuInSe2 Nanocrystal-based Solar Cells 
Prototype utilizing CuInSe2 nanocrystals were first fabricated using a dropcast 

film of nanocrystals dispersed in tetrachloroethane onto a patterned molybdenum coated 

glass substrate. 
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Figure 3.2. Fabrication of PV device structure, proceeding from (a) Mo deposition on 
soda lime glass,  (b)  CuInSe2   nanocrystal  ink  deposition,  (c)  CdS  
chemical  bath  deposition  and  (d) ZnO/ITO deposition.  Eight devices are 
fabricated on each substrate and tested. 

3.4.2. Nanocrystal Film Deposition and Photovoltaic Device Fabrication 

Thick films (~1 μm) of nanocrystals were deposited onto 12 × 25 mm glass or 

Mo-coated glass substrates by dropping 150 μL of TCE dispersions with nanocrystal 

concentrations of 5 mg/mL. The film was fully dried by placing the substrate in a vacuum 

chamber at room temperature for 12 h. 

Photovoltaic test structures were fabricated with a conventional sandwich-type 

Mo/CuInSe2/CdS/ZnO/indium tin oxide (ITO) configuration. The molybdenum (Mo) 

back contact was first deposited on soda lime glass (Delta Technologies, 25 × 25 × 1.1 

mm polished float glass) by radio frequency (rf) sputtering from a pure Mo target 
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(99.999%, Lesker) in ultrapure Ar (99.999%, Praxair) at 5 mTorr. Radio frequency 

sputtering was used instead of DC sputtering because it has been reported to provide a 

film with a better combination of substrate adhesion and good conductivity.(35) The 

CuInSe2 nanocrystal layer was deposited by drop casting it from TCE dispersions and 

then placing the film under vacuum overnight at room temperature to dry.  
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Figure 3.3. Photograph of (a) a CuInSe2 nanocrystal dispersion and (b) the deposition of 

thin films on an array of glass substrates. After depositing the films, the 

substrates were placed in a vacuum oven at room temperature for 12 h. 

A CdS buffer layer was deposited from solution using a procedure and parameters 

outlined by McCandless and Shafarman.25 Stock aqueous solutions of 0.015 M cadmium 

sulfate (Aldrich, 99.999%), 1.5 M thiourea (Fluka, 99%), and 14.28 M ammonium 
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hydroxide (Fisher Scientific, Certified ACS) were made and used in preparation of 

working solutions by mixing 1.25 mL of the CdSO4 solution, 2.2 mL of the CS(NH2)2 

solution, and 2.8 mL of the NH4OH solution. Substrates were placed on a hot plate for 10 

min that had been preheated to 90 °C, after which 0.5 mL of the working solution was 

deposited on each substrate. The substrates were immediately covered to reduce the loss 

of ammonia from the solution. After 2 min the substrates were removed from the hot 

plate, rinsed with DI water, and laid flat to dry. The i-ZnO/ITO top contact was deposited 

by rf sputtering from pure targets of each material: ZnO (99.9%, Lesker) was deposited 

using 0.5% O2 in Ar (99.95%, Praxair) and ITO (99.99% In2O3:SnO2 90:10, Lesker) 

was deposited in Ar. The final active region of the device was 8 mm2 (a 4 mm × 2 mm 

rectangle). 

3.4.3. Device Testing 

The electrical properties of the PV devices were characterized using a Karl Suss 

Probe station and an Agilent 4156C Parameter Analyzer. Detailed studies of power 

conversion efficiencies were done using a Keithley 2400 General Purpose Sourcemeter 

and a Xenon Lamp Solar Simulator (Newport) equipped with an AM1.5 filter. Incident 

photon conversion efficiency (IPCE) spectra were gathered using a lock-in amplifier 

(Stanford Research Systems, model SR830), a monochromator (Newport Cornerstone 

260 1/4M), and a Si photodiode calibrated by the manufacturer (Hamamatsu). 
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3.5. RESULTS AND DISCUSSION 

3.5.1. Drop-cast devices on Mo-coated glass 

The current−voltage characteristics and the incident photon conversion efficiency 

(IPCE) of a typical PV device made with CuInSe2 nanocrystals are shown in Figure 14. 

The measured power conversion efficiencies (η) of 32 devices ranged between 0.01 and 

0.24%. The IPCE matches approximately the absorbance spectra of the CuInSe2 

nanocrystals (Figure 14b), confirming that the device response results from the 

nanocrystals. The relatively high IPCE of 22% for wavelengths between 400 and 500 nm 

tails off at higher wavelengths. The long-wavelength IPCE cutoff at 1050 nm 

corresponds approximately to the optical gap of the CuInSe2 nanocrystals as it should, 

and the sharp drop in IPCE at wavelengths <400 nm is the result of ZnO light absorption.  

The ZnO layer is essentially serving as a photon cutoff filter in the device. 
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Figure 3.4. (a) Current−voltage characteristics and (b) IPCE spectra of a CuInSe2 

nanocrystal photovoltaic device (solid line) with absorbance curves of 

CuInSe2 and ITO/ZnO layers (dashed). The IPCE spectrum was measured at 

zero bias. The nanocrystal absorber layer was 700 nm thick, consisting of 

oleylamine-capped CuInSe2 nanocrystals with an average diameter of 15 

nm.  
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The photovoltaic response of devices made from CuInSe2 nanocrystal layers was 

reproducible and demonstrated that these nanocrystals have potential as light absorbing 

materials in PVs. However, the PV efficiencies in these particular devices are relatively 

low and require significant improvement for practical applications. Device efficiencies 

might be improved increasing the CuInSe2 film thickness to absorb more photons, and the 

device structures themselves are relatively complicated with many factors that can 

decrease efficiency. The open circuit voltages (Voc) of the CuInSe2 nanocrystal devices 

were actually quite reasonable, typically near 300 mV, which is getting close to the high-

efficiency vapor-deposited CuInSe2 devices (typical Voc values are 400 mV).  The short 

circuit current densities (Jsc) and fill factors (FF), however, were quite low, with typical 

Jsc values of 3 mA cm−2 (compared to Jsc of 35 mA cm−2 for the highest efficiency 

(19%) vapor-deposited CIGS device)  and FFs close to 0.25. The diode response was also 

relatively poor (see Appendix for data and analysis), with an ideality factor (A) much 

larger than 1, revealing that the device has high series and low shunt resistances. The 

high series resistance is partly attributed to high ITO sheet resistances (>300 Ω/□) and 

relatively resistive nanocrystal films.  Four-point probe measurements gave resistivities 

of approximately 1 kΩ·cm, which are about 3 orders of magnitude more resistive than 

conventional CIGS films with good photovoltaic efficiencies. High shunt conductance (or 

low shunt resistance) in the devices can result from many factors, including holes or 

cracks in the nanocrystal film and penetration of the CdS or sputtered ZnO layers to the 

back contact. 
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3.5.2. PV devices fabricated by spray-deposition of CIS nanocrystals 

Since the absorber layers are not processed at high temperature, alternative 

substrates and contacts can be used, including transparent conductive ITO or 

mechanically flexible plastic. Fig. 3 shows photographs of different kinds of PV devices 

that could be prepared by spray-depositing CIS nanocrystal absorber layers. IS 

nanocrystal layers were spray-coated with an airbrush (Iwata Eclipse HP-CS) operated at 

50 psig of back pressure.  The devices generally consist of a sandwiched construction of 

the p-type light-absorbing nanocrystal layer interfaced with an n-type semiconductor 

(CdS, ZnO) positioned between two planar conducting contacts. The thin CdS layer (5–

10 nm) also helps protect the CIS nanocrystal layer during sputtering of the top layers. 

 

Figure 3.5. Photograph of oleylamine-capped CIS nanocrystals in toluene being sprayed 

onto a substrate.  (courtesy Austin American Statesman). 



 69 

3.5.2.1. Au back contact 

Conventional vapor-deposited CIGS PVs are fabricated on soda lime glass 

substrates with Mo back contacts because it can withstand the high selenization/annealing 

temperatures used to process the CIGS layer. The work function of Mo, however, is a 

poor choice for devices, as it creates a Schottky barrier with the CIS layer. During high 

temperature annealing, an interfacial MoSe2 layer is created that provides ohmic contact 

to the CIGS layer, so this is not a problem. However, without annealing, the Schottky 

barrier between Mo and CIS significantly limits device performance. 

 

Figure 3.6. (top) photographs of spray coated devices on glass (left and right) and kapton 

(middle) substrates.  (bottom) Schematic of Device structure. 

Gold (Au) has a higher work function than Mo and should make a better back 

contact metal for the p-type CIS nanocrystal layer. Au is not used in conventional CIGS 

PVs because it cannot withstand the high-temperature annealing conditions. We have 
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found that CIS nanocrystal PVs made with Au contacts on glass outperform those made 

with Mo contacts. Au contacts are also easy to deposit on plastic substrates for flexible 

devices. Fig. 4 shows device characteristics of PV devices made from spray-deposited 

CIS nanocrystal layers on Au contacts on (4a) glass and (4b) plastic substrates.  

Optimized devices using this method had power conversion efficiencies as high as 3.1%. 

 

Figure 3.7. I-V characteristics of a device with power conversion efficiency of 3.1% 

under AM1.5 illumination.  Dark conditions (black) and under AM1.5 

irradiation (red). The device parameters are obtained by a best fit of Eqn (1) 

(solid lines) to the data  (○). 
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3.5.3. Thickness limitations 

Device efficiencies of 3% are too low for commercialization and need to be 

improved.  The highest efficiency devices are actually composed of relatively thin 

nanocrystal layers that are only about 150 nm thick.  We have found that increasing the 

nanocrystal layer thickness enhances light absorption but it does not improve device 

efficiency.  Figure 4 shows I-V characteristics of devices made with nanocrystal films of 

increasing thickness.  Jsc actually decreased when the nanocrystal films were made 

thicker, even though more electrons and holes are being photogenerated.  This indicates 

that the photogenerated carriers cannot be extracted from the nanocrystal layer unless 

they are relatively close to the junctions.   

 

 

Figure 3.8. (A) I-V measurements of devices with varying thickness of spray deposited 

CuInSe2 nanocrystal film and (B) calculated device parameters associated 

with these devices. 
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Measurements of the incident photon-to-electron conversion efficiency (IPCE) 

provide additional insight into how well the devices are performing and what the limiting 

factors are.  In IPCE measurements, the short circuit current is measured as a function of 

the wavelength of the incident illumination.  Figure 5A shows IPCE measurements for 

devices with varying nanocrystal layer thickness.  The IPCE data is essentially an 

external quantum efficiency (at zero bias) that does not account for how much light is 

absorbed by the device—it is a measure of charge carriers extracted based on the number 

of photons that are illuminating the device.  Another useful quantity is the internal 

quantum efficiency, which provides an accounting of the photon absorption and tells 

what fraction of the photogenerated carriers are actually extracted from the device.  

 

Figure 3.9. (A) IPCE measurements of a set of devices with different thicknesses of the 

CuInSe2 nanocrystal film thickness shows similar trend between the 

different thicknesses. (B) Internal quantum efficiency data of the same 

devices reveals how thinner devices extract photogenerated carriers at a 

better efficiency.  
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The internal quantum efficiency of the devices, IQE(λ), is the ratio of the 

wavelength-dependent IPCE, IPCE(λ), to the fraction of the incident light at that 

wavelength that is absorbed by the CuInSe2 nanocrystal films, f(λ).  f(λ) is determined 

from the transmittance of the top window layer, Ttop(λ); the transmittance of the CuInSe2 

nanocrystals layer, T1(λ); and the reflectivity of the back contact, RBC(λ). 

 ( ) ( ) ( ) ( )2
11top BCf T T Rλ λ λ λ ≈ −    (2) 

It should be noted that this estimate of the IQE(λ) does not account for internal 

reflection or optical interference effects that may also contribute to f(λ) and represents an 

upper bound.  Figure 5B shows the device IQE(λ) for devices with different nanocrystal 

layer thickness.  Consistent with the reduced Jsc for devices with thicker nanocrystal 

films, the thinner devices have much higher IQE, indicating that they are much better at 

extracting photogenerated carriers, across a wide range of wavelength, than the thicker 

devices.  

The higher IQE and more efficient device performance of the thinner devices is 

also enhanced by light reflection from the back contact.  Especially, the thinner films 

benefit from a “second pass” of light reflected off the back contact. This is evident in the 

IPCE measurements at longer wavelengths (600 nm to 1200 nm) where only a very small 

fraction of the incident light is absorbed by the thinner layers on the first pass. As the 

films get thicker, a large fraction of the incident photons are absorbed deeper in the 

nanocrystals layer and the resulting photogenerated carriers are unable to be efficiently 
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extracted. This data also indicates that the photogenerated carriers can only be extracted 

efficiently when they are generated close to the CuInSe2/CdS/ZnO heterojunction.   

3.5.4. Estimate of Depletion Region 
The thickness of the active region in the nanocrystal layer in the device was 

determined by measuring the impedance of the devices.  Figure 6C shows typical 

impedance data on a CuInSe2 nanocrystal PV device with slightly modified structure.  

The device geometry (shown in Figure 6A) was devised to ensure that carrier depletion 

was limited to the spray deposited CuInSe2 film.  Circuit model shown in Figure 6B 

provides the best fit to the impedance data gathered from the diode.  The capacitance of 

the space charge region Csc, was extracted to determine the majority carrier density and 

an effective depletion width in the nanocrystal layer using a Mott-Schottky analysis.  Csc 

is related to the doping level NA, and applied voltage V:   

 
2 2

0

1 2
bi

sc A s

kTV V
qC qN Aε ε

  
= − −  

    

 (3) 

In Eqn (3), Vbi is the built-in voltage of the junction, q is the elementary charge of 

an electron, ε0 is the vacuum permittivity and εs is the relative permittivity of bulk 

CuInSe2 (≈ 10).  Using the bulk permittivity is likely an overestimate.  An overestimate 

in the permittivity would yield an underestimate underestimate in NA and an overestimate 

in xp. 2D shows Csc
-2 plotted against V.  Values of NA and Vbi were determined by fitting 

Eqn (3) to the data.  The depletion layer width can be estimated from the relation: 

 2 2

02bi A p D n
s

qV N x N x
ε ε

 = + 
 

 (4) 
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NA and ND are acceptor and donor concentrations in the p-type and n-type layers, 

respectively, and xp and xn are the depletion layer widths of the p-type and n-type layers, 

respectively. With the device design shown in Figure 6A, depletion occurs only in the p-

type nanocrystal layer, and Eqn (4) simplifies to  

 2

02
A bi

p
s

qN Vx
ε ε

=   (5) 

In a typical device the depletion region thickness was found to be 55 nm in the 

dark.  When the device was illuminated, the depletion region thickness was found to 

decrease to 45 nm (under AM1.5 illumination). The change in doping level in the CdS 

layer under light leads to a noticeable change in the device properties, as discussed above.  

Further work is underway to gain a more detailed understand about the band alignment 

between layers in the nanocrystal devices.   

3.6. CONCLUSIONS 
Films of CuInSe2 nanocrystals used as the absorber layer in conventional layered 

Mo/CuInSe2/CdS/ZnO/ITO PV devices gave reproducible photovoltaic responses with 

power conversion efficiencies up to 0.2% and IPCE as high as 22% for photons with 

400−500 nm wavelength. These devices provide a baseline performance and demonstrate 

as a proof-of-concept that these nanocrystals can be used in PVs. Practical devices, 

however, require higher efficiencies. There are many ways to try to improve PV 

efficiency, including using nanocrystals with shorter chain capping ligands, incorporating 

Ga into the films, and using various chemical or thermal treatments of the nanocrystal 

layers to increase their conductivity.  New device architectures that are more suitable to 
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using nanocrystal absorber layers and low-temperature manufacturing steps may also 

provide ways to increase device efficiency and eliminate the need for high temperature 

processing. These are all topics for further study. 

Power conversion efficiencies above 3% under AM1.5 are demonstrated for 

ambient processed CuInSe2 nanocrystal-based PVs using Au as the back contact.  The 

extraction of photogenerated carriers from deep within the CuInSe2 nanocrystal film 

remains a major challenge.  The high concentration of crystal interfaces leads to high 

recombination.  A Mott-Schottky analysis of the space-charge capacitance in the device 

revealed that the active region of the device is only about 50 nm thick, which is 

consistent with IPCE and IQE measurements on devices with varying nanocrystal film 

thickness.  Future efforts must focus on increasing the thickness of the space charge 

region to extract carriers deeper in the nanocrystal layer in order to improve device 

efficiency. 
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Chapter 4: Thermal and Chemical Processing of Nanocrystal films for 
Photovoltaics 

4.1. INTRODUCTION 

 The ligands bound to colloidal nanocrystal are essential for controlled synthesis, 

as well as chemically and electronically passivating the nanocrystal surfaces.1  For many 

electronic applications, these bulky and insulating organic ligands are undesirable 

because they are poor electrical conductors.2  For practical thin film photovoltaic devices, 

films need to be at least ~1 micrometer in thickness to absorb the incoming light.3  In 

conventional crystalline inorganic photovoltaics, grain sizes are often this size, and 

carrier transport between grains is rarely a dominant mechanism.  A major disadvantage 

of using colloidal nanocrystals in PVs is that carriers need to hop between several 

nanocrystals to travel from their generation location to the collection electrodes.4  In this 

chapter we evaluate various methods of removing or replacing organic ligands to achieve 

increases in film conductivity. 

 Numerous approaches to improving charge transport in nanocrystal films have 

been explored.  Replacing bulky ligands with conjugated like pyridine in a post-

deposition ligand exchange has shown some promise.5, 6 Post-deposition exchange with 

small molecules like ethanedithiol and hydrazine have resulted in carrier mobilities as 

high as ~0.1 cm2 V-1 s-1.7  Exchange with hydrazine-based metal chalcogenide ligands 

has yielded films with mobilities of up to 16 cm2 V-1 s-1.8 
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4.2. NANOCRYSTAL FILM DEPOSITION 

4.2.1. Drop Casting 
Nanocrystal films were deposited from either drop casting from a concentrated 

dispersion of nanocrystals in tetrachloroethylene (TCE), spin coating, dip coating, or 

spray coating.  TCE allowed for slow evaporation of solvent compared higher volatility 

solvents such as chloroform or toluene.  SEM images comparing film qualities of 

nanocrystals deposited from TCE compared to chloroform is shown in Figure 4.1. 
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Figure 4.1. SEM images of CIS film drop cast from 5 mg/ml in TCE at various 

magnifications (a-c), CIS film dropped from 5mg/ml in Chloroform 

chloroform (d) 
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4.2.2. Dip coating 
Figure 4.2 shows a profilometry measurement of a dip-coated nanocrystal 

film.   This nanocrystal film was formed by multiple dipping steps.  The film thickness 

depended on many parameters, including dipping speed, soak time, number of 

subsequent dips, dipping angle, solvent and nanocrystal concentration.  For thinner 

films, the controlling parameter for thickness was the nanocrystal concentration.   

Multiple dips were explored as a way to increase film thickness, but this approach 

did not lead to thicker films.  The striations in the film in Figure 4.2 were the result of 

subsequent dips.  The striations had an increased thickness (i.e., the peaks in the 

thickness profile) but the total thickness of the film did not increase.  This is probably 

due to simultaneous redispersion and deposition during the subsequent dip-coating 

steps. 
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Figure 4.2. Profile of a dip-coated CIS film.  Inset: SEM image of film dipped 4 times. 

 

4.3. EXPERIMENTAL 

4.3.1. Film treatments 
The as-cast nanocrystal films showed very high resistivities due to ligands 

adsorbed onto the nanocrystal surfaces.  To remove the ligands from the film, four routes 

were explored: thermal annealing, UV-ozone treatment, oxygen plasma treatment, and 

chemical treatments.  All treatments were performed on copper indium selenide 

nanocrystal films (CuInSe2; CIS), and thermal annealing experiments were performed on 
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both CIS and CuIn0.56Ga0.44Se2 (CIGS) nanocrystals.  Defect-free, ~600 nm-thick films 

are obtained by dispersing nanocrystals in TCE at relatively high concentrations (5 

mg/mL) and drop casting the dispersion on a glass or Mo-coated glass substrate. 150 μL 

of these dispersions were drop cast onto a 12 x 25 mm substrate.  The nanocrystal 

suspension was evaporated in a vacuum chamber at room temperature for 12 hours to 

remove solvent and completely dry the film.   

4.3.2. Thermal annealing  
The as-prepared nanocrystal films were annealed using a variety of different 

approaches, including heating under controlled atmosphere, and treatment by UV-ozone 

and oxygen plasma.  Films were heated by placing the nanocrystal-covered substrate 

inside a tube furnace equipped with a 1 in. inner diameter quartz tube under gas flows 

(N2, or 93%/7% N2/H2 mixture) or under air by detaching the gas fittings and using room 

air as the environment.  Thermal treatments were done for one hour with a 25°C/min. 

ramp rate to the setpoint temperature. 

4.3.3. UV-ozone and oxygen plasma treatment of nanocrystal films.  

4.3.3.1. UV-ozone treatment 
 Nanocrystal films were placed in a Jelight Model 42 UV-Ozone chamber 

approximately 1 cm from the UV lamp.  The UV-ozone chamber is equipped with low-

pressure Hg-vapor grid with a lamp intensity of 28mW/cm2.  Films were treated for 1 to 

20 minutes.   
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4.3.3.2. Oxygen Plasma treatment 
  Nanocrystal films were placed in an Oxford Plasmalab 80 Plus RIE.  A pressure 

of 600 mTorr and RF power of 50 W were used.  Treatments were performed for up to 20 

minutes. 

4.3.4. Chemical Treatment 

 4.3.4.1. Hydrazine 

Nanocrystal films were soaked in solutions of hydrazine of various concentrations 

in acetonitrile for at least 60 minutes. 

4.3.4.2.Ethanedithiol 

CIS nanocrystals spray coated onto a gold-coated glass substrate were soaked in a 

solution of 0.1 M ethanedithiol in acetonitrile for at least 60 minutes. 

4.3.4.3.Methanol/acetone 

CIS nanocrystals spray coated onto a gold-coated glass substrate were soaked in a 

10% methanol solution in acetone for at least 60 minutes. 

 

4.3.5. CIS Reaction Modifications 

 Previous research has determined that nanocrystal reactions that use tertiary 

phosphine chalcogenides as a chalcogen source can benefit from introducing a secondary 

phosphine to increase reactivity.  This increased reactivity can increase yield.  In these 

experiments, diphenylphosphine DPP was either 1. Added to the TBP:Se stock solution 

or 2. Used as a replacement for TBP in the reaction protocol described in Chapter 2, 

section 2.2.1. 
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4.4. RESULTS 

4.4.1. Annealing under different gas environments 

4.4.1.1. Annealing in air 

CIS films annealed in air showed a slight reduction in the full width at half 

maximum in reflections upon annealing between 50 and 250°C.  At 150°C, a peak 

emerges at approximately 32° 2θ, which matches up to crystalline Se.  The Se may come 

from either excess precursor left in the nanocrystal solution that crystallizes upon heating, 

or from degassing from the nanocrystals. 

At temperatures greater than 250°C, In2O3 begins to form, as well as CuO at 

~500°C.  This oxidation and change in structure is accompanied by a change in color 

from black/brown to light brown and semi-transparent.  Figure 4.3 shows XRD patterns 

of the CIS films under different annealing temperatures in an air environment. 
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Figure 4.3. XRD spectra of CIS nanocrystal films annealed between 50 and 500°C in air. 

4.4.4.2. Annealing in nitrogen 

CIS films annealed in unpurified nitrogen showed a slight reduction in the full 

width at half maximum in reflections upon annealing between 50 and 500°C.  At 150°C, 

a peak emerges at approximately 32° 2θ, which matches up to crystalline Se.  The Se may 

come from either excess precursor left in the nanocrystal solution that crystallizes upon 

heating, or from degassing from the nanocrystals. 

At temperatures greater than 300°C, In2O3 begins to form.  This could be due to a 

slight amount of oxygen present in the unpurified nitrogen.  Figure 4.4. shows XRD of 

nanocrystal films annealed in air.  
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Figure 4.4. XRD spectra of CIS nanocrystal films annealed between 50 and 500 C in 
unpurified nitrogen. 

4.4.4.3. Annealing in forming gas 

CIS films annealed in forming gas showed a reduction in the full width at half 

maximum in reflections upon annealing between 50 and 500°C.  At 150°C, a peak 

emerges at approximately 32° 2θ, which matches up to crystalline Se.  The Se may come 

from either excess precursor left in the nanocrystal solution that crystallizes upon heating, 

or from degassing from the nanocrystals.  No other phases are observed when annealing 

under forming gas.  Figure 4.5 shows XRD patterns of films annealed under forming gas. 
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Figure 4.5. XRD spectra of CIS nanocrystal films annealed between 50 and 500°C in 
forming gas (7% H2, balance N2). 

4.4.4.4. Oxygen content after annealing 

Figure 4.6 shows the ratio of measured oxygen concentration compared to the 

sum of Cu and In concentrations measured by EDS.  Under all gas environments, the 

oxygen content remains similar to the non-annealed 25°C) for temperatures under 200°C.  

At 200°C, the oxygen content in the sample in the air-annealed sample increases 

dramatically, indicating significant oxidation.  At 350°C, the sample annealed under 

nitrogen shows oxygen levels higher than that of forming gas at the same temperature. 
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Figure 4.6. Oxygen content of CIS films as a function of annealing temperature under 

air, nitrogen, and forming gas environments. 

4.4.4.5. Conductivity after annealing 

Four point probe conductivity was measured on films after annealing (Figure 4.7).  

Initially, films had a sheet resistance of ~1000 Ω cm.  Annealing in air resulted in the 

largest reduction in sheet resistance, by ~3 orders of magnitude after annealing to 250°C. 

This increase in conductivity could be due to removal of ligands, or creation of a surface 

oxide that is conductive.  Annealing under forming gas and nitrogen result similar 

decreases in sheet resistance up to ~300°C, with a ~10x decrease in sheet resistance with 
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annealing at 100°C and a ~20x decrease in sheet resistance upon annealing at 250°C.   At 

higher temperatures, the nitrogen annealed CIS films exhibit lower sheet resistances 

compared to films annealed likely due to oxidation.  Further study must be done to 

determine whether the decreased sheet resistance is due to an  increase in carrier mobility 

due to increased nanocrystal coupling, or an increase in carrier concentration resulting 

from slight compositional changes (Se degassing) and or surface states (ligand removal, 

oxidation).  This reduction in sheet resistance could potentially lead to improved device 

performance in solar cells if the reduced sheet resistance is due to increased mobility. 

 
Figure 4.7. 4-point probe conductivity of films annealed between 50 and 500 C in air, 

nitrogen, and forming gas. 
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4.4.2. Oxygen plasma and UV-ozone treatment of CIS films 

UV-ozone and oxygen plasma treatments were done on films in attempt to 

oxidatively remove or “burn” away ligands.  These techniques are commonly used to 

remove organic material from silicon wafers and other substrates. 

4.4.2.1. Effect of UV ozone and Oxygen plasma on Crystal Structure 

There is no observed crystallographic change by exposing CIS nanocrystal films 

to oxygen plasma.  Figure 4.8 shows XRD patterns of CIS films exposed to UV ozone 

between 1 and 10 minutes. 

 

Figure 4.8. XRD patterns of CIS films exposed to Oxygen plasma between 1 and 10 

minutes. 
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There is no observed crystallographic change by exposing CIS nanocrystal films 

to UV-ozone.  Figure 4.9 shows XRD patterns of CIS films exposed to UV ozone 

between 1 and 10 minutes. 

 

 

Figure 4.9. XRD patterns of CIS films exposed to UV ozone between 1 and 20 minutes. 

4.4.2.2. XPS of UV-ozone treated films 

XPS of UV-ozone treated films (Figure 4.10) shows significant surface oxidation, 

resulting in a relative increase of signal of a peak at 60.5 eV relative to the Se 3d peak 

(~56 eV).  This corresponds to oxidation of surface selenium atoms. 
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Figure 4.10. XPS of UV-ozone treated nanocrystals. 

4.4.2.3. Resistivity of UV ozone and Oxygen plasma treated CIS films 

The sheet resistance of UV ozone and Oxygen plasma treated CIS films (Figure 

4.11) increased with any amount of processing.  Initially, films had sheet resistances of 

~200 – 300 Ω cm.  After only one minute of either UV ozone or Oxygen plasma 

treatment, the sheet resistance rose to over 1000 Ω cm.  After 10 minutes, sheet 

resistances were over 10,000 Ω cm.  There was not a significant difference in the sheet 

resistances for the same processing time for each treatment.  After 20 minutes of UV 

ozone exposure, the sheet resistivity was over 200,000 Ω cm. 
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Figure 4.11. Sheet resistance of UV ozone and Oxygen Plasma treated films as a 

function of processing time. 

4.4.3. Chemical Treatments of CIS Nanocrystal films, Effects on PV Device 
Behavior 

Devices utilizing spray coated CIS nanocrystal films soaked in various solutions 

were fabricated.  This was in effort to displace the ligands coating the surface and 

increase interparticle coupling, improving device efficiency.   For each experiment, a 900 

nm thick CIS nanocrystal film was spray coated onto a gold-coated (thermal evaporation) 

patterned glass substrate.  CdS deposited by chemical bath deposition, using a method 

described by by McCandless and Shafarman.9  A transparent top contact of intrinsic ZnO 
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and In2O3:SnO2 (ITO) was deposited by sputtering.  Detailed studies of power conversion 

efficiencies were done using a Keithley 2400 General Purpose Sourcemeter and a Xenon 

Lamp Solar Simulator (Newport) equipped with an AM1.5 filter.  Series and shunt 

resistances (Rs and Rsh, respectively) were determined by fitting the following equation 

using least squares regression to I-V curves under dark conditions: 

 

 𝐽 = 𝐽0 �𝑒
𝑞(𝑉+𝐽𝐴𝑅𝑠)

𝑘𝑇 − 1� −
𝑉 + 𝐽𝐴𝑅𝑠
𝑅𝑠ℎ

 
 

(1) 

4.4.3.1. Untreated Film 

Devices were fabricated using a 900 nm CIS film with no film treatments to use 

as a reference.  I-V characteristics of a typical device under dark and AM1.5 illumination 

are shown in Figure 4.12.  Of 8 devices tested, the average PCE was 0.42+/- 0.07 
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Figure 4.12. I-V characteristics of a typical PV device fabricated using an untreated CIS 

film as the absorber layer.  Measurements were performed in the dark and 

under AM1.5 illumination. 
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4.4.3.2. Ethanedithiol (EDT) treated film 

Devices were fabricated using a 900 nm CIS film treated with EDT.  I-V 

characteristics of a typical device under dark and AM1.5 illumination are shown in 

Figure 4.13.  Of 5 devices tested, the average PCE was 0.55+/- 0.04%. 

 

Figure 4.13. I-V characteristics of a typical PV device fabricated using an EDT-treated 

CIS film as the absorber layer.  Measurements were performed in the dark 

and under AM1.5 illumination. 
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4.4.3.3. Hydrazine (HYZ) treated film 

Devices were fabricated using a 900 nm CIS film treated with HYZ.  J-V 

characteristics of a typical device under dark and AM1.5 illumination are shown in 

Figure 4.14.  Of 5 devices tested, the average PCE was 0.16+/- 0.03%.  One interesting 

observation about devices using HYZ-treated absorbers is that the J-V curves in the light 

and dark do not cross each other, which occurs frequently in untreated devices, as well as 

devices treated using other methods.  This crossover is typically attributed to an energetic 

barrier at the CdS/CIS interface.  This occurs because Cu ions diffuse into the CdS layer.  

It is possible that treating with HYZ changes the quasi-fermi level of electrons so this 

barrier does not exist, or that the HYZ removes Cu ions that would diffuse into the 

interface, avoiding this problem altogether. 
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Figure 4.14. I-V characteristics of a typical PV device fabricated using an HYZ-treated 

CIS film as the absorber layer.  Measurements were performed in the dark 

and under AM1.5 illumination. 
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4.4.3.4. Methanol (MeOH) treated film 

Devices were fabricated using a 900 nm CIS film treated with methanol in 

acetone.  J-V characteristics of a typical device under dark and AM1.5 illumination are 

shown in Figure 4.15.  Of 5 devices tested, the average PCE was 0.22+/- 0.05%.   

 

Figure 4.15. I-V characteristics of a typical PV device fabricated using an absorber layer 

soaked in a methanol/acetone solution.  Measurements were performed in 

the dark and under AM1.5 illumination. 
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4.4.4. Use of Secondary Phosphines in CIS NC Reaction 

4.4.4.1. Adding diphenylphosphine to reaction 

Figure 4.16 shows the I-V characteristics of a solar cell made from CIS 

nanocrystals with 2 mmol (~150 μL) diphenylphosphine (DPP) added to the reaction. 

 

Figure 4.16. I-V characteristics of a CIS nanocrystal device with DPP added to the CIS 

nanocrystal reaction. 
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TBP. 
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4.4.4.1. Replacing TBP with DPP 

Replacing TBP with DPP in the CIS nanocrystal reaction had a dramatic impact 

in the device Voc.  Figure 4.17 shows typical I-V characteristics from a device made with 

particles synthesized using DPP:Se instead of TBP. 

 

 

Figure 4.17. I-V characteristics of a typical CIS nanocrystal device with DPP added to 

the CIS nanocrystal reaction. 

The Voc measured in these devices was typically around 700 to 800 mV.  This is nearly 

double typical values for Voc with CIS particles synthesized using TBP:Se as the 

selenium source.  The diode behavior looks unusual.  The straight-line behavior implies a 
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very low shunt resistance, possibly due to high film conductivity.  The high conductivity 

along with high Voc is consistent with a very high carrier concentration in the film. 

4.5. DISCUSSION 

4.5.1. Annealing of CIS nanocrystal Films 
 Annealing of CIS nanocrystal films resulted in increases of film conductivity for 

all environments.  Annealing under air and unpurified nitrogen result in oxidation and 

some phase transformations for temperatures over 200°C.  Not surprising phase 

transformations to crystalline oxides occur at lower temperature in air compared to 

nitrogen.  A dramatic decrease in sheet resistance can be correlated with formation of 

these crystalline oxides.  Surprisingly, crystalline Se forms in every sample at 150°C.  

One aspect of annealing under high temperatures that may be undesirable is “outgassing” 

of Se from films.  Crystalline Se forms within the film at 150°C, while at higher 

temperatures, Se deposits are found on the tube furnace walls directly above the 

substrate.  The effect of Se outgassing on the electronic properties of CIS is unknown, but 

it likely creates undesirable defects in the crystal lattice. 

4.5.2. Oxygen Plasma and UV ozone Treatments of CIS Films 
 Even short processing of CIS films in a UV ozone or Oxygen plasma environment 

result in severe oxidation.  This oxidation is confirmed by XPS to be surface oxidation of 

Se.  While no crystallographic change is found – the XRD peaks remain identical in these 

processing, the sheet resistance increases by several orders of magnitude.  Interestingly, 

annealing in air at lower (<250°C) does not cause any change in in crystal structure, 
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while oxidizing the material but causes an equally remarkable decrease in sheet 

resistance.  Further study could enlighten how the mechanistic differences in these 

treatments create films that cause an apparently similar reaction (surface oxidation with 

no crystallographic change) but opposite effects in sheet resistance.  

4.5.3. Chemical Treatment of Absorber Films 

Chemical treatment of absorber films yielded varying results.  Compared to a 

control device with no absorber treatment, treatment with ethanedithiol yielded superior 

efficiency via an increase in Voc and FF.  Treatment with hydrazine caused a slight 

reduction in Voc accompanied by a large decrease in Jsc.  Surprisingly, soaking the films 

in a methanol/acetone solution causes a large increase in Voc, but a significant decrease 

in Jsc compared to the control.  The PCE, Jsc, Voc, FF, Rs, and Rsh averages for these 

treatments is shown in Figure 4.16. 
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Figure 4.16. PCE, Voc, Jsc, FF, Rs, and Rsh as a function of chemical treatment.  Error 
bars indicate standard deviation of measurement of at least 4 devices. 
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Another interesting aspect to note is the series and shunt resistances of these devices.  

Treating with hydrazine and ethanedithiol is expected to displace ligands from the 

nanocrystal film and replace them with the respective molecules.  The effect of these 

treatments is a decrease in total device series resistance of ~40% compared to the control.  

This is a dramatic decrease in series resistance, as the top contact features a resistive 

intrinsic ZnO layer, as well as a sub-optimal ITO layer which add an appreciable amount 

of series resistance to the device. 

 While EDT treatment increases the device Voc by 46% and reduces Rs by ~40%, 

the Jsc decreases by 20%.  This behavior is consistent with an increase in hole 

concentration in the CIS film.  Increasing the concentration of free holes in the CIS film 

would increase the Voc, as Voc is proportional to the logarithm of the majority carrier 

concentration.10  This increase in carrier concentration would cause a decrease in 

depletion width.  As discussed in Chapter 3, the depletion region decreases with an 

increase in Voc.  The depletion region for untreated films is found to be low (~50 nm), 

and a further increase in free carrier concentration would further reduce the depletion 

region, reducing the effective “useful” region of the absorber – the region of the absorber 

where photogenerated carriers can be extracted efficiently.  In these devices the increase 

in Voc overcame the decrease in Jsc to cause an overall increase in PCE. 

 Hydrazine is a known n-type dopant in nanocrystal films.2  However, the high 

vacuum condition necessary for depositing top contacts most likely causes most or all of 

the hydrazine to desorb from the nanocrystal surface.  The Voc of HYZ treated films is 

~7% lower than the untreated film. 
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 Soaking the CIS films in a methanol/acetone solution resulted in a 39% increase 

in Voc.  This is a surprising result, and may be attributed to a reduction in free ligand or 

some other species that acts as a trap.  It is worth noting that Rsh increases by nearly two 

orders of magnitude compared to the control.  It is possible that soaking in the solution 

allows for some conformational change in the film that reduces shunting, increasing Voc.  

The decrease in Jsc is more difficult to explain, and further work must be done in order to 

understand this behavior. 

4.5.4. Use of a Secondary Phosphine Selenide as Se precursor 

Using diphenylphosphine selenide as a Se precursor results in a surprising and 

unexpected increase in Voc.  Recent work by the Norris and Aydil groups have found a 

similar result in PbSe nanocrystal-based solar cells.11  In this study, nanocrystals 

synthesized using DPP had a significantly lower Voc compared to nanocrystals 

synthesized with a tertiary phosphine selenide.  These results imply that the ligands used 

during synthesis can play a crucial role in the electronic properties of nanocrystal films. 

4.6. CONCLUSIONS 
Thermal processing of CIS nanocrystal films resulted in decreases in sheet 

resistance regardless of the environment.  Annealing in air and nitrogen resulted in phase 

transformation to oxides at high temperature.  No phase transformations occurred in CIS 

nanocrystal films heated under forming gas up to 500°C.  Oxidative treatments (UV 

ozone and oxygen plasma) oxidized surfaces and caused a dramatic increase in sheet 

resistance, which increased with increased processing time.  No change in crystal 

structure (phases, intensity, or peak shape) was found during these oxidative treatments.  
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Interestingly, low temperature (< 250°C) annealing in air causes oxidation that results in 

a decrease in sheet resistance. 

The effect of chemical treatments on Voc was either positive (EDT, 

methanol/acetone) or negative (HYZ).  While the power conversion efficiencies did not 

improve by very much using chemical treatments (a modest improvement for EDT 

treated films), this study does show some promise in manipulating the carrier 

concentration.  Changing the selenium precursor resulted in a drastic increase of Voc, 

which combined with the very low shunt resistance of the device, indicates that the film 

could be very highly doped.  Controlling carrier concentrations in films is crucial to 

developing highly efficient nanocrystal-based solar cells. 
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Chapter 5: CuInSXSe2-X (CISS) Nanocrystals for in vivo Imaging 

5.1. INTRODUCTION 

Semiconductor nanocrystals dots have emerged as a competitive technological 

option due to their interesting electronic and optical properties.  Recently, nanocrystals 

with emission or absorption in the near-infrared (NIR) have found applications in light-

emitting diodes1, 2, photovoltaics,3-6 and as fluorescent probes for bioimaging.7-9 

Nanocrystals with optical properties in the NIR are especially of interest for use for 

biological applications, due to low absorbance of tissue and water within the 650900 nm 

spectral window.10 Hessel and coworkers recently synthesized Cu2-xSe nanocrystals that 

have strong NIR absorbance and demonstrated their potential for photothermal therapy.11  

A noninvasive fluorescent probe is ideally nontoxic and can emit light in response to 

external stimuli.  

5.2. EXPERIMENTAL 

5.2.1. CISS Nanocrystal Encapsulation 
We used CISS nanocrystals encapsulated in a microparticle based oral vaccine 

system to demonstrate biological imaging in deep tissue.  Previous work has illuminated 

the ability of a protein, invasin, to target intestinal M cells, which play a critical role in 

gut immunity.12, 13  These M cells are extremely rare, occurring on the order of 1 in 

10,000,000 enterocytes.14  Thus the ability to target these M cells may play an essential 

role in developing a feasible oral vaccine.  The affinity of invasin for its receptor, α5β1, 
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can be abrogated upon a single amino acid mutation, D911A. 15  In this study we tested 

the targeting ability of an invasin-functionalized vaccine delivery system.  We 

encapsulated the CISS nanocrystals in poly (lactic-co-glycolic) acid microparticles to 

serve as a contrast agent for whole animal fluorescent imaging.  Previous work has been 

done using quantum dots for in-vivo imaging, including CdSe16-18, InAs,19 and CuInS2. 20  

These studies all delivered the nanocrystals via injection into muscle or bloodstream.  To 

encapsulate the nanocrystals in PLGA microparticles, organic-ligand capped CISS 

nanocrystals were added to the oil phase of a water/oil/water emulsion used to produce 

the microparticles.  We utilized two sample groups: 1) microparticles conjugated to the 

extracellular portion of wild-type invasin expressed as a fusion protein on the C-terminus 

of maltose binding protein (MBP), 2) microparticles conjugated to the same protein with 

the D911A mutation.  SEM and fluorescence microscopy were used to image the CISS 

nanocrystal-loaded microparticles are shown in Figure 5.1.  SEM shows that the 

microparticles have sizes between approximately 500 and 2000 nm.  Fluorescence 

microscopy images of the microparticles taken while exciting the sample with a green 

light confirms that the CISS nanocrystals are encapsulated within the spheres. 
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Figure 5.1. (a) SEM images and (b) fluorescence microscopy images of CISS 

nanocrystal-loaded PLGA microparticles. Photographs showing dispersions 

of ZnS@CISS nanocrystals in cuvettes before encapsulation (c) in room 

light and (d) under a fluorescent lamp. 
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5.2.2. Conjugation of PLGA Microparticles with MBP-INV fusion protein 

420mg of PLGA microparticles encapsulating CISS nanocrystals were 

resuspended in 16.8ml of 0.1M MES buffer 0.5M NaCl (pH 5.0).  100ul ddH2O 

containing 280mg of EDC and 100ul ddH2O containing 320mg of Sulfo-NHS were added 

to the microparticle suspension.  The reaction was rotated for 2 hours at room 

temperature.  After activation, the 2x8ml of the suspension were transferred to new 50ml 

conicals.  200mM HEPES 200mM NaCl pH 7.4 was added to 50ml and the 

microparticles were pelleted.  The activated microparticles were resuspended with 10ml 

of 200mM HEPES 200mM NaCl pH 7.4.  10ml of the same buffer containing 10mg of 

the respective MBP-INV variant, wild-type or D911A, was added to the microparticles 

and rotated for 2 hours at room temperature.  The microparticles were then washed twice 

in 10mM HEPES 50mM NaCl pH 7.4 and resuspended in 3ml ddH2O containing 20mg 

of α,α-Trehalose.  The samples were frozen in liquid nitrogen lyophilized as before. 

5.2.3. In vivo Fluorescene Imaging 
6-8 week old female albino (BALB/c) mice were purchased from Jackson 

Laboratories and housed in at the Animal Resource Center, The University of Texas at 

Austin, in accordance with Institutional Animal Care and Use Committee (IACUC) 

Guidelines.  The mice received an alfalfa free diet (2019 Tekland Global 19% Protein 

Extruded Rodent Diet) for 7 days prior to commencement of the study in order to reduce 

intestinal autofluorescence, and were maintained on this diet throughout the duration of 

the study.  Mice were fasted for 3 hours prior to dosing.  50mg of microparticles were 

dosed in 200ul 5% w/v sodium bicarbonate via intragastric gavage (3 mice per sample 

group).  Immediately after dosing, the subjects were anesthetized in an incubation 

chamber with 3% isoflurane.  The subjects were transferred to an IVIS Spectrum (Caliper 
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Life Sciences) and anesthesia was maintained using 1% isoflurane during imaging.  

Imaging was carried out using epifluorescence with 14 filter sets for subsequent 

autofluorescence subtraction.  After imaging, the subjects were placed back into 

conventional housing with food and water ad libitum.  Mice were imaged again at 18 

hours post-does under the same conditions.  After 45 hours post-dose, the mice were 

sacrificed, imaged, then the intestines were removed for further imaging.   

5.2.4. Analysis of Fluorescence Imaging Data 
For the 15 minute time point, the signal-to-noise ratio was sufficiently intense 

enough that autofluorescence subtraction was unnecessary and the samples were analyzed 

with the highest contrast filter set (640nm/760nm).  For all subsequent time points 

spectral unmixing was carried out to pull out the nanocrystal fluorescence from tissue 

autofluorescence using Living Image 4.0 (Caliper Life Science).  For whole animal 

images, the following excitation/emission filter sets were used:  570/700, 605/720, 

605/740, 605/760, 605/780, 605/800, 640/700, 640/720, 640/740, 640/760, 640/780, and 

640/800.  The samples were unmixed using a two fluorophore setting: tissue 

autofluorescence set to “Auto” and Fixed, nanocrystal fluorescence set to “AF750Ex”, an 

internal spectrum standard which matched well with our nanocrystal fluorescence 

spectrum.  Regions of Interest (ROIs) were drawn around the abdominal.  Total Radiant 

Efficiency [p/sµW-1cm²] was reported.  For intestinal images a three fluorophore setting 

was used to additionally subtract the stage fluorescence.  The previous filter sets were 

used plus the addition of 570/800.  Note: the D911A sample 3 was not used for analysis 

as the initial image showed substantial fluorescence around the mouth, relative to the 
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stomach, that may have been slowly ingested, thereby altering later relative fluorescence 

comparisons.        

5.3. RESULTS AND DISCUSSION 

5.3.1. Fluorescence Retention in Mice 
The microparticles encapsulating the CISS nanocrystals were orally administered 

to mice and imaged at various time points to track the fluorescence retention in the GI 

tract, which should correlate to M cell uptake.  Fluorescence images of representative 

mice fed CISS nanocrystal loaded PLGA microparticles are shown in Figure 5.2. 
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Figure 5.2. Representative images of in-vivo fluorescence measurements tracking the 

same subjects at 15 min (a,e), 18 h (b,f), 45h (c,g) after dosing and the 

intestines after dissection at 48h (d,h).  Mice were administered CISS 

nanocrystal-loaded PLGA microparticles conjugated with either wild type 

invasin-MBP fusion protein (e-h) or the same protein with the D911A 

mutation abrogating the targeting ability (a-d).   

The CISS nanocrystals were clearly able to identify the location of the microparticles in 

vivo.  Quantitative analysis was performed by integrating the intensities over a region of 

interest (ROI).  The relative intensities over time are shown in Figure 5.3.  The ROI was 
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such that it encompasses the entire abdomen.  For images with weaker signals (18h, 45h, 

intestines), the images were spectrally unmixed using Living Image 4.0 to distinguish 

tissue autofluorescence from nanocrystal fluorescence. 

 

Figure 5.3: Comparison of fluorescence signal from the nanocrystals at 15 min, 18 h, 45 

h in vivo, and the intestines at 48 hours post-mortem.  Error bars correspond 

to the standard deviation of measurements of multiple mice for each 

experiment. 
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5.4. CONCLUSIONS 
We have developed a simple method to synthesize quaternary quantum dots with 

size-dependent PL.  The PL quantum yield of CISS particles was around 10% which 

increased to 40% after overgrowth of a ZnS shell.  In addition, the synthetic method has 

potential to be applied to other ternary or quaternary systems, allowing for further 

exploration in the luminescent properties of compound semiconductor nanocrystals.  

These nanocrystals are attractive for biomedical imaging due to their nontoxic nature, 

high PL quantum yield, and PL emission that is tunable in the NIR.  We demonstrate the 

in vivo imaging ability of the nanocrystals in deep tissue, where tissue autoflourescence 

is maximal and excitation light is minimal.  The CISS nanocrystals hold tremendous 

promise as a new material as a biocompatible diagnostic agent. 
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Chapter 6: Optical Properties of Silicon Nanocrystals 

6.1. INTRODUCTION 

As an indirect band gap semiconductor, bulk Si is a poor emitter and absorber of 

light.1  Silicon solar cells require hundreds of microns to absorb all the incoming light, 

while photoluminescence of Si is only typically observed at cryogenic temperatures. 

Indirect transitions must occur with assistance from a phonon. Nanoscale silicon has 

demonstrated the ability to emit light with relatively high efficiency.2  Red emission was 

observed in electrochemically etched porous silicon by Canham and coworkers in the 

early 1990’s,3, 4 which sparked an interest in luminescenct silicon nanostructures.  Si 

quantum dots can be very bright light emitters. Alkyl-passivated colloidal Si nanocrystals 

have been reported with visible wavelength photoluminescence quantum yields of up to 

60%.2  LEDs have been made with Si nanocrystals to achieve (with ITO:PEDOT:TPD:Si 

NCs:Alq3:LiF/Al structure) power efficiencies (EQEs) of 8.6%—the highest of any 

ncLED to date.5  These devices however had a spectral dependence on device current, 

which was attributed to nanocrystal polydispersity. 

6.2. EXPERIMENTAL METHODS 

6.2.1. Decomposition of hydrogen silsesquioxane to oxide-embedded nanocrystals 

Si nanocrystals were prepared using a method similar to that described by Hessel 

and coworkers.6  Si nanocrystals are first obtained by thermal decomposition of hydrogen 
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silsesquioxane (HSQ).  HSQ is placed in a quartz crucible and heated under a flow of 

90% Ar/10% H2 to a temperature between 1100 and 1400°C, depending on the desired 

nanocrystal size.  The sample is held at the temperature for 1 hour before allowing the 

furnace to cool to room temperature.  A brown/black glassy product is obtained.  This 

product is ground for 20 min in an agate mortar and pestle then further pulverized to 

~200 nm by shaking in a wrist-action shaker for 9 hr with 30 g of 3 mm borosilicate glass 

beads.  Mechanical reduction of the oxide-embedded Si nanocrystal grain size is essential 

for uniform etching of the oxide matrix. 

6.2.3. Etching of Oxide matrix 

 100 – 500 mg of the ~200 nm powder of oxide-embedded Si nanocrystals is 

suspended in a solution of 13 mL of 48% HF and 2 mL of 25% HCl in the dark for 6 hr.  

This procedure etches the oxide and yields hydride-terminated Si nanocrystals.  The 

nanocrystals are isolated from the HF solution by centrifugation at 9000 rpm for 3 min.   

6.2.5. Hydrosilylation of H-terminated Si Nanocrystals 

  After centrifugation, the supernatant is discarded and the light brown precipitate 

is rinsed twice with excess ethanol, once with excess toluene, and finally dispersed in a 

4:1 ratio of 1-dodecene and 1-octadecene. The resulting brown, turbid dispersion is 

transferred to a 3 neck round bottom flask and degassed using freeze-pump-thaw cycles 

on a Schlenk line.  The dispersion is heated at 190°C overnight.  After about 30 min of 

heating, the turbid brown dispersion begins to turn into an optically clear yellow-orange 

dispersion.  The alkene-passivated Si nanocrystals are washed three times by 
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precipitation using acetone as an antisolvent, and dispersed in a minimal amount of 

toluene.  Methanol/chloroform was also sometimes used as an antisolvent/solvent pair.  

The concentrated nanocrystal dispersions are dried at the bottom of a round bottom flask, 

then heated under vacuum for 24 hr at 200°C to remove excess ligand.  The nanocrystals 

are finally dispersed in toluene for subsequent characterization. The mass yield of ligand 

stabilized Si nanocrystals is about 10% with respect to the oxide-embedded Si 

nanocrystal powder. 

6.3. CHARACTERIZATION OF ORGANIC-PASSIVATED SI NANOCRYSTALS 

6.3.1. X-Ray Diffraction 
X-ray diffraction (XRD) was performed on a Rigaku R-Axis Spider 

diffractometer with an image plate detector using CuKα radiation (λ = 1.5418Å) and a 

graphite monochromator. The instrument was controlled using Rapid/XRD 

diffractometer control software (Version 2.3.8, Rigaku Americas Corporation, The 

Woodlands, TX).  2DP Spider software (Version 1.0, Rigaku Americas Corporation, The 

Woodlands, TX) was used to integrate the two dimensional image into a one dimensional 

pattern.  A blank was subtracted to reduce background signal.  XRD samples were 

prepared by scraping a small amount (≤ 1mg) of dried Si nanocrystals and mounting the 

mixture on a Hampton Research Cryoloop.  A drop of mineral oil was sometimes used to 

help adhere the Si NC powder to the holder.  XRD patterns were collected for ~15 min.   
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6.3.1. Transmission Electron Microscopy of Si Nanocrystals 

Bright field and high angle annular dark field STEM images were acquired 

digitally using a JEOL model JEM-ARM200F operated at 120 kV.  STEM samples were 

prepared by drop coating a 3 μL aliquot of 0.1 mg graphene in 1 mL of ethanol onto a 

lacey carbon grid (lacey carbon coated copper, Electron Microscopy Sciences), and 

allowed to dry for 1 hr.  A 5 μL aliquot of a very dilute Si nanocrystal dispersion was 

then drop-coated onto the graphene coated grid and heated at 200°C for 8 hr under a 

dynamic flow of N2.    

6.3.1. Photoluminescence of Ligand-passivated Si Nanocrystals 

Optical absorbance spectroscopy was performed at room temperature on a Cary 

500 UV-vis-NIR spectrophotometer using a quartz cuvette with a 10 mm optical path 

length.  Photoluminescence (PL) and photoluminescence excitation (PLE) spectra were 

acquired on a Fluorolog-3 spectrophotometer (Horiba Jobin Yvon) using a 

monochromated 450 W xenon lamp light source with an InGaAs photomultiplier tube for 

visible detection and a Hamamatsu H10330-45 detector for NIR detection.   The visible 

detector was cooled by a circulating cooler and thermoelectric cooler, while the NIR 

detector was cooled by a thermoelectric cooler alone.  A reference silicon photodiode was 

used to adjust for intensity differences in the lamp spectrum for PLE measurements.  The 

PL quantum yield (QY) was determined by comparing the integrated photon count of 

nanocrystal samples to IR-26, a NIR emitting dye with a quantum yield of 0.05%.  

Although this dye is not ideal because it has a relatively low quantum yield of only 
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0.05%, there are very few NIR-emitting dyes available.  The quantum yield (QY) was 

determined by comparing the integrated photon count of the nanocrystal sample to IR-26, 

a near infrared dye with a QY = 0.05%. The QY was calculated by first obtaining the 

photon count, P, of the emission spectrum using  

 

P =
I
E

dE∫
     (1) 

Where I is the PL intensity and E is the photon energy in units of eV.  The QY of 

the Si nanocrystals, QYNC, is calculated by the relationship 

                          

 

QYNC = QYref

Aref

ANC

PNC

Pref

nNC

nref            (2) 

where the subscripts ref and NC refer to values associated with IR-26 and the Si 

nanocrystals, respectively, A is the absorbance at the PL excitation wavelength, P is the 

photon count,  nNC and nref are the refractive indexes of the solvents; toluene (nNC = 

1.497) for and chloroform (nref = 1.446). 

6.4 RESULTS AND DISCUSSION 

6.4.1. X-ray diffraction of Si Nanocrystals 
Figure 4 shows XRD data for alkene-passivated Si nanocrystals produced at 

various HSQ decomposition temperatures.  All of the XRD patterns index to diamond 

cubic Si, with significant size-dependent peak broadening.  The broad reflection at 2q of 

approximately 20o results from crystallized organic ligands.   
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Figure 6.1. XRD of ligand-passivated Si nanocrystals.  The diffraction patterns 

correspond to diamond cubic Si (JCPDS no. 027-1402; a = b = c = 5.43 Å).   



 128 

6.4.3. Transmission Electron Microscopy 

Figure 6.2 shows Cs-corrected STEM images of Si nanocrystals on a graphene 

support.  Figure 6.2(a) shows a nanocrystal in bright-field STEM mode.  The nanocrystal 

is imaged down the [110] done axis.  Lattice fringes can clearly be seen, and 

measurement of the (100) planes is 5.4Å, which matches bulk Si. 

 

Figure 6.2. (a) Bright-field and (b,c) dark-field STEM images of alkene-passivated Si 

nanocrystals supported on few-layer graphene.  
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6.4.3. Photoluminescence of Si Nanocrystals 

Figure 6.3 shows room temperature PL and PLE spectra of octadecene/dodecene-

stabilized Si nanocrystals.  As summarized in Table 2, the PL emission peaks range from 

approximately 720 nm (3 nm diameter) out to 1060 nm (12 nm diameter), near the bulk 

band gap of Si, with quantum yields of 8% for the smallest (3 nm diameter) nanocrystals 

decreasing with increasing diameter down to 0.4% for the 12 nm nanocrystals.  A 

decrease in PL QY with increasing size has also been observed from other types of 

nanocrystals as well.  For the largest light-emitting nanocrystals, the line-shape of the PL 

peak becomes non-Gaussian with a noticeable drop in intensity at ~1150 nm, which may 

be the fundamental long wavelength limit for the emission from alkyl-passivated Si 

nanocrystals.  Nanocrystals larger than about 12 nm did not have measurable PL.  Table 

6.1 shows the PL maxima quantum yield as a function of heating temperature.  Note also 

that the QY of the Si nanocrystal PL is relatively high compared to organic fluorophores, 

as few molecular dyes exist that emit in this wavelength range.34, 51  This is important 

with respect to biological imaging applications in which biocompatible contrast agents 

with NIR emission are desirable.   
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Figure 6.3. Room temperature PL (λexc=400 nm) and PLE (measured at emission 

maximum) spectroscopy of alkane-stabilized Si nanocrystals dispersed in 

toluene.   The spectra have been normalized in intensity to demonstrate the 

peak shift with processing temperature. For PLE spectra a reference silicon 

photodiode was used to adjust for intensity differences in the lamp spectrum 

for the measurements.   

 

 

Table 6.1. PL Maximum and quantum yield as a function of nanocrystal size 

Reaction 
Temperature 

(°C) 

Particle 
Diameter 

(nm) 

PL 
Maximum 

(nm) 

Quantum 
Yield (%) 

 SAXS λex = 420 nm via IR-26 
1100 2.7±0.6 718 8 
1150 2.9±1.0 903 5 
1200 5.0±1.3 957 3 
1250 6.0±1.7 986 1 
1300 8.8±1.8 1035 0.6 
1350 11.8±2.1 1064 0.4 

 

6.5. CONCLUSIONS 

The optical data reported here are relevant to studies using luminescent Si 

nanocrystals as contrast agents for bioimaging.  Si nanomaterials have received attention 

for applicability in medicine because they are biocompatible and biodegradable, which is 
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a significant advantage over heavy metal containing quantum dots such as CdSe.7-9  Si 

nanocrystals exhibit size-tunable emission with red to NIR wavelength, but there is a 

large wavelength difference between the emitting wavelengths and the wavelengths 

needed for excitation with strong emission.  This presents a major challenge.  For 

example, the region of strong light absorption for high brightness emission in the case of 

small (2-3 nm) Si nanocrystals occurs below about 500 nm, which overlaps with the 

absorption of water, hemoglobin and oxyhemoglobin in human tissue.10  This limits the 

applicability of small Si nanocrystals for single photon bioimaging applications.  Our 

data show that this limitation can be overcome by shifting the absorption to the red with 

increased Si nanocrystal size. The PL quantum yield decreases slightly as the nanocrystal 

size increases, however it remains relatively high compared to other NIR-emitters.  
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Chapter 7: Graphene as a Support for Transmission Electron 
Microscopy 

7.1. INTRODUCTION 

Transmission electron microscopy (TEM) is one of the most widely used and 

effective tools for evaluating nanomaterials.  It provides direct visualization of 

nanocrystals with nanometer-scale resolution, providing a measure of size, shape, and 

crystal structure.  TEM can reveal the presence of defects and collective interactions.  For 

TEM, nanocrystals are commonly imaged on thin (usually ~20 nm) amorphous carbon 

supports.  In TEM, imaging contrast arises from electron scattering when interacting with 

the sample, which is dependent on the sample thickness, atomic number, and 

crystallographic orientation. For very small, amorphous, and low atomic number 

nanomaterials (such as silicon) the carbon substrate can substantially obscure the TEM 

images due to random scattering of the transmitted electrons.  For mechanical stability, 

an amorphous carbon film needs to be about 20 nm thick. Graphene on the other hand, is 

composed of a single atomic layer of carbon atoms that is only 3.4 Å thick.1 It is 

mechanically stable because of the uninterrupted 2D network of sp2 bonded carbon 

atoms. Graphene is an order of magnitude thinner than the thinnest commercially 

available amorphous carbon films.  In addition to its mechanical stability, graphene is 

electrically and thermally conductive, making it a useful TEM support that helps 

dissipate electrostatic charging and heating of the samples under the electron beam.  The 

carbon atoms in graphene are also highly ordered, which can enable background 

subtraction of acquired images with little information loss.  Many methods now exist for 
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preparing graphene,2-4  making it readily available and economical to use.  For this 

reason, graphene has been proposed by multiple groups as a potential support for metal 

nanocrystals for many applications, including fuel cells and catalysis.5-7 Several research 

groups have studied the structure of graphene in detail by TEM8-12 and STEM,2, 13 and 

have even been able to image the presence and dynamics of adatoms and adsorbed 

molecular species on graphene.11 Graphene has also been used as a support for imaging 

nanoparticles for unprecedented clarity.  For instance, Lee and coworkers imaged 

adsorbed citrate molecules on gold nanocrystals using graphene supports.14  McBride and 

coworkers produced lattice-resolved images of sub-2nm CdSe nanocrystals and highly 

detailed electron energy loss spectroscopy maps of CuInSe2 nanocrystals on graphene.15  

In fact, the organic ligand shell was even visible with the near absence of the carbon 

background.15 Due to the high thermal and electrical stability of graphene, it has been 

used as a substrate for in-situ high-temperature electrical measurements probe and 

monitor the effects of adsorbates on the conductivity of graphene.16  TEM has been used 

to image cobalt nanocrystals on graphene17 and nanocrystals on boron nitride,18 another 

ultrathin low atomic number material. Here, we report TEM and STEM images of 

hydrogen-terminated (unpassivated) and organic monolayer-passivated silicon 

nanocrystals using graphene as an imaging support.  TEM characterization of 

nanomaterials is critical to understanding the dependence of size, shape, and defects to 

the optical and electronic properties of it.   
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7.2. EXPERIMENTAL 

7.2.1. Nanocrystal synthesis and preparation 

Organic ligand-stabilized nanocrystals were synthesized following procedures 

developed by Hessel, et al. 19, 20  Hydrogen silsesquioxane (HSQ) is heated to 

temperatures between 1100 and 1400°C under inert atmosphere to produce oxide-

embedded Si nanocrystals.  The nanocrystals are liberated from the SiO2 matrix by 

etching with a mixture of 13 mL of 48% hydrofluoric acid and 2 mL of 25% hydrochloric 

acid for 6 hours in the dark.  The product is centrifuged at 8000 rpm for 3 min. to obtain a 

pellet of nanocrystals and then three cycles of centrifugation/redispersion are carried out: 

twice in ethanol, once in toluene to remove excess HF and other impurities.  The 

nanocrystals are redispersed and refluxed in a 4:1 dodecene:octadecene mixture at 190°C 

for 8 hours.  This procedure yields alkyl-passivated Si nanocrystals.  The nanocrystals are 

precipitated by adding ethanol or acetone and centrifugation at 8000 rpm for 3 min. to 

obtain a pellet of nanocrystals.  The alkene-capped nanocrystals were subjected to several 

iterations of redispersion in toluene and precipitation with ethanol or acetone to remove 

excess alkene.  The final dispersion in toluene was centrifuged to precipitate any poorly-

capped particles and agglomerates.  This dispersion was dried at the bottom of a round 

bottom flask, purged with N2, and heated to 200 C under vacuum (~150 mTorr) overnight 

to remove excess alkenes.  This dispersion was then redipsersed in a small amount of 

toluene. 
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7.2.2 TEM Sample Preparation 

TEM substrates were prepared by drop casting graphene dispersed in ethanol onto 

a copper TEM grid with a lacey carbon support (Electron Microscopy Sciences).  

Graphene was either purchased from Electron Microscopy Sciences (0.1 mg/mL in 

ethanol) or synthesized by hydrazine reduction of graphene oxide.21, 22  Si nanocrystals 

were deposited on the graphene TEM substrates by drop casting a dilute (< 1 mg/ml) 

dispersion of Si nanocrystals in ethanol (unpassivated) or toluene (alkene-passivated).  

After drying in air for at least one hour, the TEM grids were placed in a tube furnace and 

heated to 200°C overnight under forming gas (7% H2, 93% N2) to remove excess alkene, 

solvent, and other organics.  This post-deposition heating was not performed on the 

unpassivated Si nanocrystals. 

7.3. HIGH-RESOLUTION TRANSMISSION ELECTRON MICROSCOPY (HRTEM) OF SI 

NANOCRYSTALS 

7.3.1. Conventional HRTEM and Scanning Transmission Electron Microscopy 
(STEM) 

HRTEM image were acquired using a JEOL 2010F with a 200 kV accelerating 

voltage.  Aberration (Cs) corrected STEM images were acquired with a JEOL JEM-

ARM200F microscope operating at 80 or 120 kV.  Bright field images were acquired 

using an in-line detector, and dark field images were acquired with a high-angle annular 

dark field (HAADF) detector.  The graphene TEM supports were prepared by drop-

casting graphene from ethanol dispersions onto lacey carbon-coated copper mesh TEM 

grids.  The colloidal Si nanocrystals were synthesized following the procedures 
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developed by Hessel, et al.19, 20  The clearest TEM images were obtained by drop-casting 

the alkene-passivated nanocrystals on the graphene-coated TEM grids, allowing them to 

dry in air for one hour and then placing them in a tube furnace at 200°C overnight under 

forming gas (7% H2, 93% N2) to remove excess alkene, solvent, and organic 

contamination.  TEM grids with unpassivated Si nanocrystals did not undergo this post-

deposition heating. 

7.4. RESULTS AND DISCUSSION 

7.4.1. Bright- and Dark-field STEM of Si Nanocrystals on Graphene 
Figure 1 shows bright and dark-field STEM images obtained simultaneously 

using in-line and high-angle annular dark field (HAADF) detectors on a JEOL JEM 

ARM200F microscope operated at 120 or 80 kV accelerating voltage.  The graphene 

tends to form agglomerates of wrinkled and curled sheets as in the low magnification 

images in Figures 1A and 1B.  The areas with the lowest image contrast correspond to 

extended regions of graphene that yield the clearest images of Si nanocrystals.  At higher 

magnification, as in Figure 1C and 1D, the Si nanocrystals are clearly visible.  Lattice 

resolution is observed in both the bright-field and dark-field STEM images.  
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Figure 7.1. Low magnification (a,c) dark-field and (b,d) bright field spherical aberration 
(Cs) corrected STEM images obtained using a JEOL JEM ARM200F 
microscope operated at 120 kV accelerating voltage.  The bright field and 
dark field images were obtained simultaneously using in-line and high-angle 
annular dark field (HAADF) detectors.  

7.4.2. Comparison of Graphene and Amorphous Carbon Substrates using 
Conventional HRTEM 

Single-layer graphene can degrade rapidly under an electron beam at accelerating 

voltages much greater than 100 kV.11, 23  However, stable imaging of Si nanocrystals was 

possible at 200 kV accelerating voltage when the nanocrystals were supported on few-

layer graphene.  Although single-layer graphene provides the ultimate imaging 

resolution, few-layer graphene was also quite good.  Figure 2 shows a comparison 
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between TEM images of alkene-passivated Si nanocrystals on few-layer graphene and a 

typical amorphous carbon support obtained using a JEOL 2010F TEM operated at 200 

kV.  The image of the Si nanocrystal on few-layer graphene is much clearer.  The mottled 

background of the amorphous carbon substrate leads to significant variation in the image 

contrast and an unclear particle edge; whereas, the image contrast is much more uniform 

across the entire particle on the graphene support.  Nonetheless, the imaging resolution 

and contrast was found to be much better using lower accelerating voltage (~100 kV) and 

single-layer graphene as a support.  In few layer graphene, the carbon lattice cannot be 

resolved and the support is thick enough to obscure the image, making it difficult to 

resolve nanocrystals smaller than about 4 nm in diameter.   
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Figure 7.2. TEM images acquired with a JEOL 2010F microscope operated at 200 kV of 

alkene-passivated Si nanocrystals on (a) few-layer graphene and (b) 

standard amorphous carbon film.  Both nanocrystals are imaged with similar 

crystallographic orientation down the Si [110] zone axis.  (Insets) Fast 

Fourier transforms (FFTs) of the TEM images.   

7.4.3. Comparison of Graphene and Amorphous Carbon Substrates using 
Aberration-corrected STEM     

Figure 3 shows bright and dark-field STEM images of Si nanocrystals acquired at 

120 kV on single-layer graphene supports compared to amorphous carbon.  Line profiles 

of the image contrast across each nanocrystal show that the nanocrystals imaged on 

graphene have much higher resolution.  When imaged on graphene, the contrast in the 

bright field STEM images is highly dependent on the nanocrystal orientation, whereas the 

contrast in dark field depends primarily on the atomic number of the material.  The Si 

nanocrystals imaged by dark field STEM on amorphous carbon (Figure 3e) have higher 
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imaging contrast than the nanocrystals imaged in bright field TEM due to the sensitivity 

on Z-contrast.  However, the precise location of the edges of the Si nanocrystals is 

difficult to determine when imaged on the amorphous carbon substrate in either bright or 

dark field.    

   

 

Figure 7.3.  Comparison of STEM images of Si nanocrystals on graphene and 

amorphous carbon supports.  A silicon nanocrystal supported on graphene 

imaged in (a) bright field and (b) dark field and  (c) intensity profiles (top: 

bright field, bottom: dark field) obtained along the orange line.  A group of 

silicon nanocrystals supported on amorphous carbon in (d) bright field and 

(e) dark field, and (f) intensity profiles (top: bright field, bottom: dark field) 

obtained along the blue lines. 
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In Figure 7.3(a), there is only a very subtle difference in image contrast between 

the graphene support and vacuum.  In fact, there is more difference in contrast between 

the graphene support and the capping ligand shell.   

7.4.4. Imaging of the Inorganic-Organic Interface 

Using graphene as a support and an aberration-corrected STEM, detailed images 

of the inorganic-organic interface with near atomic resolution of the capping ligand layers 

could be obtained.  Figure 4 shows a variety of high resolution dark and bright field 

STEM images of Si nanocrystals.  On flat areas of few-layer graphene, the aliphatic 

chains are visible in both bright- and dark-field.  There has been a report of the 

nanocrystal-organic interface of citrate-capped Au nanocrystals imaged by high 

resolution aberration-corrected TEM on graphene.14  However, to our knowledge this is 

the first report of electron microscopy imaging of the hydrocarbon chains typically used 

as capping ligands for steric stabilization of hydrophobic nanocrystals.   
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Figure 7.4. Dark field and Bright field STEM images of alkene-passivated silicon 

nanocrystals acquired with a JEOL JEM-ARM200F operating at 80 kV.  

The nanocrystal in (h) and (i) is enveloped in excess organic.     
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In some areas, residual hydrocarbon is present (as in Figures 7.4(h) and (i)).  This 

residual organic material has a distinct, relatively dense appearance in both the bright and 

dark-field images.  When excess organic is not present, the organic capping ligand layer 

looks to be quite diffuse.  Individual molecules are visible and there is significant void 

space between neighboring nanocrystals.  In contrast, when nanocrystals are found 

suspended over vacuum, the ligand layer appears to be denser, bridging between 

nanocrystals, as in Figure 5.  It appears that the interaction between the ligands and the 

underlying substrate are stabilizing and limit the lateral interactions between neighboring 

nanocrystals and their capping ligands.  When the nanocrystals were observed on stepped 

graphene or over vacuum, like the particle in Figure 3a-b, the ligands appear to curl and 

interdigitate, interacting much more strongly.   
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Figure 7.5.  STEM images of a monolayer of alkene-passivated nanocrystals suspended 

over vacuum. 
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The observed conformations of ligands adsorbed to the graphene substrate 

remained intact under prolonged exposure to the electron beam (>10 min) at 80 kV under 

scanning mode.  The buildup of carbon from organic contaminants is a common problem 

in TEM due to the small, high energy probe that can gather and polymerize carbonaceous 

molecules. 24  The capping ligands employed here for the Si nanocrystals are relatively 

non-volatile and may help limit the carbon buildup under electron beam, in contrast to 

what has been observed with more volatile ligands.25 

7.4.5. Imaging of Hydrogen-terminated Silicon Nanocrystals 

In comparison, Si nanocrystals that were not capped with organic ligands were 

also imaged.  Figure 7.6 shows STEM images of Si nanocrystals taken immediately from 

the HF/HCl etch.  The surfaces of these nanocrystals are predominantly terminated with 

hydrogen.  No ligand shell is observed in either the dark or bright field STEM images.  

However, the surfaces of these nanocrystals tended to have a very thin (< 1 nm) 

amorphous layer, which may be a result of some oxidation. Dark field STEM imaging 

revealed the presence of many small (< 2nm) amorphous clusters around the 

nanocrystals, which were not visible in bright field.  These clusters have lower contrast 

than the crystalline silicon particles and may be residual silicon dioxide remaining from 

the HF/HCl etch, or perhaps amorphous Si clusters formed during the nanocrystal 

synthesis.  These tiny clusters are not visible in the bright field images, and are not 

observed in the alkene-passivated nanocrystal samples.  These clusters are either removed 
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during the hydrosilylation/cleaning steps or it is possible that the ligands have similar 

contrast to these clusters, making them impossible to see. 

 

Figure 7.6. Dark field (a,b) and bright field (c,d) STEM images of Si nanocrystals 

isolated after acid etching of the SiO2 matrix prior to hydrosilylation with 

alkene capping ligands. 
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7.4.6. Imaging of Defects in Si Nanocrystals 

Many of the Si nanocrystals had a significant amount of twinning.  Figure 7 

shows a number of STEM images of Si nanocrystals on graphene.  Some nanocrystals did 

not show any sign of twinning and the observed lattice spacings were consistent with 

diamond cubic Si.  The lattice spacing in the twinned nanocrystals, however, often did 

not match diamond cubic Si.  
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Figure 7.7. Bright field STEM images of defect free (a) and twinned (b – c) silicon 

nanocrystals.  The bulk spacings for Si (200), (220), and (111) lattice planes are 2.71, 

1.92, and 3.13 Å, respectively. 
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Twinning in Si nanocrystals synthesized via heating of silicon rich oxides has 

been reported by Wang et al.26  In their report, twinning was observed often, most 

commonly in the (111) planes, which we have also found (Figure 7 c and d).  Figure 7b 

shows an unpassivatred nanocrystal with radial hexafold twinning.  Iijima observed 

pentafold radial twinning in much larger Si nanocrystals (~80 nm diameter) in 1987,27, 

but there have been few reports of radial twinning in Si nanocrystals since.  An 

examination of the lattice spacings of the twinned nanocrystals revealed that there was 

significant inhomogeneous lattice strain, which was not present in the untwinned 

nanocrystals.  Figure 6a shows a nanocrystal without twinning and the expected (200) 

lattice spacing of 2.7 Å corresponding to diamond cubic Si.  The nanocrystal in Figure 6b 

with radial twinning has a (220) spacing of 2.1 Å, which is 9% larger than the expected 

value of 1.9 Å.   Lattice planes that should correspond to {111} lattice planes are visible 

in the nanocrystals in Figures 6b and 6c, but these planes have d-spacings of 3.0 and 3.3 

Å, which differ significantly from the expected value of 3.1 Å.  The asymmetry in the 

lattice implies that they have a tetragonal or orthorhombic crystal structure, which could 

have substantial effects in the optical and electronic properties of the nanocrystals.  

Zacharias and coworkers found inhomogeneous strain of up to 3% in twinned 

nanocrystals embedded in in silica.28  In Iijima’s study, strain as high as 10.3% was found 

in silicon nanocrystals with five-fold twinning.27  Similar inhomogeneous lattice strain 

has also been observed in twinned Ge29 and C (diamond) nanocrystals._ENREF_8_30      



 152 

7.4.7. Comparison of Different Methods 

Figure 8 shows images of Si nanocrystals using the various techniques of 

HRTEM, and dark- and bright-field STEM presented in this Letter.  The imaging contrast 

is enhanced significantly by using graphene as an imaging support.  The Cs-corrected 

dark-field and bright-field STEM images provide complementary information. The 

contrast in the dark field images acquired using a HAADF detector are highly dependent 

on the electron density of the material (Z-contrast).  The bright-field STEM images look 

similar to HRTEM images, with imaging contrast arising from Bragg scattering.  

Accordingly, the contrast in these images is highly dependent on the crystal zone axis.  

The organic capping ligands are only visible using low accelerating voltage (<120 kV) on 

graphene.  Because graphene is atomically thin, flat, with crystallographically ordered 

carbon atoms, the molecularly thin hydrocarbon strands are observable due to the 

thickness contrast. 
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Figure 7.8. Electron microscopy images of organic ligand-stabilized Si nanocrystals 
using different supports and imaging techniques.  (Top row) Si nanocrystals 
on graphene and (bottom row) amorphous carbon supports.  From left to 
right: Dark field STEM, Bright field STEM, and HRTEM. 

7.5. CONCLUSIONS 

Graphene supports enable TEM and STEM imaging of organic ligand-coated Si 

nanocrystals with significantly improved contrast compared to conventional amorphous 

carbon supports.  Using Cs-corrected STEM, the silicon nanocrystals could be imaged 

very clearly on graphene.  Twinning was observed in several unpassivated Si 

nanocrystals, including hexafold radial twinning.  Due to the relative transparency of 

graphene, the organic molecules passivating the silicon surface could be imaged in both 
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bright in dark field.  The ability to image silicon nanocrystal surfaces, interfaces, and 

defects is integral to understanding the properties of these materials.  For example, since 

the early 1990’s there has been controversy surrounding the origin of Si nanocrystal 

photoluminescence – whether it is due to quantum confinement, or due to a defect or 

interfacial trap. In addition, ability to image organic molecules and inorganic/organic 

interfaces provides the opportunity to directly observe and verify molecular and 

biomolecular conformation, molecular interactions, and interfacial phenomena at an 

atomic level.  Most methods employed to measure size and shape of these “soft” 

materials are indirect (i.e. light scattering, chromatography). Direct imaging of these 

materials typically requires a stain based on heavy atoms to provide contrast or 

cryogenically freezing the sample.  Both of these methods yield images that are 

oftentimes difficult to interpret.  Even finer structure could potentially be resolved by 

using lower accelerating voltage and cryogenic temperatures.  Graphene imaging 

supports could become widely adapted due to its ease of synthesis and greatly enhanced 

imaging capability. 
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Chapter 8: Conclusions and Future Research Directions 

8.1. CONCLUSIONS 
Nanomaterials have unique size, shape, and surface-dependent properties. 

Because of their unique electrical, optical and mechanical properties, they have been 

regarded as novel materials for several new technologies in widely diverse application 

areas. Because of the nanocrystals’ quantized optical properties, the ability to assemble 

into crystals, and the potential for making new “metamaterials”, nanocrystals 

(particularly quantum dots) are sometimes called “artificial atoms”.  

The research presented in this dissertation aimed to demonstrate the controlled 

synthesis of nanomaterials that could be potentially be used for inorganic, solution 

processed photovoltaic applications. In the case of CuInSe2 nanocrystals, the system was 

highly optimized, and power conversion efficiencies of 3.1% were achieved.1  By 

modifying the reaction scheme for CuInSe2 nanocrystals, quantum confined CuInSXSe2-X 

nanocrystals were formed. 

 Silicon nanocrystals are an intriguing material for optoelectronics and 

photovoltaics.  Optical transitions that are typically forbidden in bulk silicon due to its 

indirect bandgap can be spectroscopically allowed when nanoscale due to low 

translational symmetry.  Synthesizing nanocrystals from HF-etched annealed hydrogen 

silsesquioxane2 provides a good testbed for controllably making Si nanocrystals with 

good size polydispersibilities, controllable surface functionalization, and solution 

procesability.   
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 Graphene has garnered a great deal of interest over the past few years.  Its 

“discovery” in 20043 has led to a flurry of research investigating its properties, synthesis 

methods, and applications.  This led to the 2010 Nobel Prize in Physics to be awarded to  

Andre Geim and Kostya Novoselov at Manchester University for "for groundbreaking 

experiments regarding the two-dimensional material graphene".  While graphene 

ultimately may not be a replacement for Si and CMOS devices, it has potential to fill 

some niche applications.  At the very least, it is an interesting testbed for fundamental 

physics, as well as an easy-to-use and effective support for transmission electron 

microscopy.  

 While the research discussed in this dissertation has a focus on photovoltaic 

applications for colloidal nanocrystals, the work did diverge into tangential applications.  

The goal of synthesizing quantum confined I-III-VI nanocrystals was not initially to use 

them for biomedical applications.  However, their strong NIR absorbance and 

luminescence made them well-suited for this application.   

8.1.1. Nanocrystal-based Photovoltaics 

Rising energy prices over the past ~10 years has renewed interest in finding 

sustainable energy sources.  Solar, wind, biomass, and geothermal are typically discussed 

when discussing renewable energy sources that potentially have little environmental 

impact.  Solar is particularly intriguing due to a lack of moving parts, and the huge 

amount of solar power irradiated upon the earth year.  Current methods to making solar 

cells have made them cost prohibitive.  Crystalline silicon dominates the market, but its 

low absorption coefficient and extremely high purity (necessary due to high thickness 
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required) makes it too costly.  Silicon processing for PVs is a highly mature technology, 

with most processes borrowed from traditional silicon CMOS processing.  Amorphous 

silicon (a-Si) behaves like a direct bandgap semiconductor, but it is not every efficient or 

stable.4  Organics and polymers also suffer from poor stability.  Organics, polymers, and 

a-Si may be better suited for niche applications like consumer electronics due to their 

poor stability. 

The two other main technologies remaining are CdTe and CIGS.  Both of these 

offer great potential efficiencies.  The main producer of CdTe modules, First Solar, has 

been able to produce modules at less than $1/Wp (Wp = peak watt; cost of power under 

peak illumination conditions).  For solar cells to reach grid parity, total installed cost 

needs to be reduced to less than $1/ Wp.  For comparison, crystalline Si modules are 

~$3/Wp (before installation). 

A truly disruptive technology would reduce this $/Wp by one or two orders of 

magnitude – that is the actual solar cell would be negligible in cost compared to its 

installation.  The high cost of thin film PVs is associated with high temperature and high 

vacuum processing, which are energy-, time-, and capital-intensive.  Solution processing 

could allow for low temperature, ambient processing that is amenable to roll to roll 

(rather than batch) processing.  Nanocrystals are one option that could potentially fit 

these processing requirements.  So far, power conversion efficiencies of up to 6.0%5 have 

been achieved using room-temperature processed nanocrystals as an absorber material. 

Chapters 3 and 4 discussed utilization of CuInSe2 nanocrystals for photovoltaic 

applications.  Compared to other similar efforts, this was one of the few that resulted in 

stable, moderately high (>3%) with absorber layers processed under ambient 

environment and low temperature.  Devices using CuInSe2 nanocrystals showed little 

degradation in performance even after repeated testing, after several months of storage. 
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8.1.2. Quantum dot Based Photovoltaics 

The CuInSeXS2-X quantum dots discussed in Chapter 5 were used for biomedical 

applications, but it would be interesting to use them in solar cells.  Quantum dot based 

solar cells have typically utilized Pb-chalcogenide nanocrystals (PbSe, PbS) that have 

very high dielectric constants, resulting in very strong quantum confinement effects 

(Bohr exciton radius ~40 nm).  Using quantum dots for photovoltaics is an intriguing 

prospect, not only as a practical choice, but as a scientific study.  For quantum dots to 

have properties, some localization of carriers must occur.  That is, the electron and hole 

wavefunctions should not “leak” out into free space or the rest of the film.  However, for 

good charge transport to occur through films, good coupling is desired.  It is yet to be 

determined whether this can be done effectively in films thick enough to absorb all 

incoming light. 

8.1.3. Silicon Nanomaterials 

Silicon is a favorite material for study by materials scientists and physicists.  The 

electronic properties and surface chemistry of Si are well understood and well 

characterized.  Its simplicity in structure and stability allows for ease in comparison of 

theoretical study to experiment.  The silicon nanocrystals studied her were synthesized 

via annealing HSQ, etching away oxide with HF, and passivating the surface as desired.2  

The optical properties were measured as well, with measured photoluminescence out to 

nearly the band edge of bulk Si. 

8.2. FUTURE RESEARCH DIRECTIONS 

8.2.1. Nanocrystal-based Photovoltaics 

While the work featured in this dissertation uses CuInSe2 as a model system for 

photovoltaics, it may not be the best choice.  CuInSe2 (and CIGS) were used due to their 
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high performance as a bulk polycrystalline film.  The transport in highly granular films, 

however, is completely different than in large-grained crystalline systems.6  Furthermore, 

the properties of nanomaterials can be drastically different compared to their bulk 

counterparts, so materials that work well in bulk devices may not necessarily be the best 

for nanocrystal-based devices.  Much of the recent work in this field has utilized lead 

chalcogenide nanocrystals, which are poor-suited for bulk photovoltaics due to a very 

low bandgap.7-10 Recent years have seen a flurry of research in developing new 

nanomaterials, so this may help find some alternative materials.  

Colloidal nanocrystal-based solar cells have demonstrated high internal quantum 

efficiencies, but low external quantum efficiencies.  This is because the thickness of films 

utilized in the most efficient nanocrystal-based solar cells needs to double or triple to 

absorb all incoming light.  One approach is to improve the electronic properties, but 

alternatively an area of research that could utilize this technology is light-trapping.  This 

would benefit not only nanocrystal-based solar cells, but also other technologies like 

“thin Si”, which utilizes submicron Si substrates that can tolerate a much higher 

concentration of defects.  Figure 8.1 illustrates the fraction of the AM1.5 spectrum 

absorbed by various thicknesses of CIS nanocrystals and crystalline Si. 
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Figure 8.1. Illustration of fraction of solar spectrum absorbed by various thickness of 
crystalline Si (top) and CIS nanocrystals (bottom). 

 

Control of the electronic properties is crucial to developing high-efficiency 

nanocrystal-based photovoltaics.  Much of the current research effort has focused on 

increasing carrier mobility, and great strides have been made on this front.11  However, 
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studies that study the carrier concentration of nanocrystal films have been limited.1, 12, 13 

Interfaces play a dominant role in the electronic properties of nanocrystal films.  Atoms 

adsorbed to the surface have shown to both enhance mobility14 and doping.  Being able to 

control both simultaneously would be a breakthrough that would not only impact 

nanocrystal-based photovoltaics, but also optoelectronics and other electronic devices 

that could benefit from solution processability. 

8.2.1.2. Quantum Dots for Photovoltaics and other Electronic Devices 
Quantum dots are nanocrystals that exhibit quantum confinement effects in 3 

dimensions.  The quantum dots (CuInSeXS2-X; CISS) studied in this dissertation were 

used for biological imaging, but there is currently active research for using quantum dots 

for electronics.  A fundamental dilemma that arises with using quantum dots arises from 

the mechanism of quantum confinement – for quantum effects to take place, the charge 

carriers in the nanocrystal must be localized to some extent within the crystal.  However, 

for applications such as photovoltaics, charge carriers generated within the nanocrystal 

need to be delocalized to efficiently extract charge.  It remains to be seen whether charge 

extraction can occur efficiently in films thick enough to absorb all incoming light from 

the sun. 

8.2.1.3. Silicon Luminescence 

Silicon photoluminescence remains a somewhat controversial topic, largely 

because of the discrepancy found in literature regarding the properties of luminescent 

silicon materials.  Additionally, the photoluminescence quantum yield reported in this 

dissertation is around 10%, while others have reported quantum yields as high as 60%.15  
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Further investigation must be done on the role of defects and passivation in Si 

nanocrystals.  Light emitting diodes utilizing Si nanocrystals synthesized by the 

Kortshagen group have recently demonstrated power efficiencies of over 8%16  This is 

the highest reported power efficiency for nanocrystal light emitting diodes to date. 

8.2.1.4. Graphene as a TEM support 

Chapter 7 shows the use of graphene as a TEM support.  The ability to image an 

inorganic-organic interface has implications not only for nanomaterials, but also biology, 

surface chemistry, and study of other “soft” condensed matter.  The ability to have an 

atomically-thin substrate that dissipates heat and electricity makes it an ideal support for 

TEM. 
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Appendix 

 
 

Figure A1. Dark current-voltage (I-V) response of the CuInSe2  nanocrystal PV 
device from Figure 16 (solid line).  The dashed line is a curve fit of the 
dark I-V response to the I-V behavior expected  for  an  ideal  diode:          
J (V ) = J 0 [exp(qVAkT ) − 1] ,  where  J0   is  the  saturation  current density, q 
is the absolute electron charge, k is Boltzmann’s constant, A is the ideality 
factor, andT is temperature. 
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Glossary 

Band gap: in a semiconductor, the difference in energy from the valence band maximum 

to the conduction band minimum. 

Capping Ligand: a chemical species applied to stabilize and passivate nanocrystal 

surfaces and provide dispersibility in a solvent. 

Charge carrier: charge carrying species in solid-state devices, i.e., electrons (negative 

charge) and holes (positive charge). 

Colloidal quantum dot: a semiconductor nanocrystal that exhibits quantum 

confinement; typically observed as a spectral blueshift of the optical absorbance and/or 

photoluminescence with decreasing size. 

Electronics: technologies that utilize electron flow, generation, and/or recombination. 

Indirect band gap semiconductor: a semiconductor that has its conduction band 

minimum and valence band maximum at different crystal momenta. 

Nanocrystal: a crystalline nanoparticle with a diameter between 1 and 20 nm. 

Photovoltaic device: a semiconductor device that converts sunlight directly to electricity.  

Quantum confinement: change of electronic and optical properties when the material 

sampled is of sufficiently small size. The bandgap of a semiconductor increases as the 

size of the nanostructure decreases. This phenomenon results from electrons and holes 

being confined into dimensions that approach the exciton Bohr radius. 

Thin film transistor: a field effect transistor in which the channel material is a thin film 

semiconductor deposited on a supporting substrate. 
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Thermoelectric device: a semiconductor device converts heat to electricity, or uses 

electricity to cool a system.  

Light emitting diode: a semiconductor device that converts electricity into light via 

radiative recombination of electrons and holes. 
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