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DISSERTATION ABSTRACT 

 

Brandon Michael Crockett 

 

Doctor of Philosophy 

 

Department of Chemistry and Biochemistry 

 

March 2019 

 

Title:  Mechanistic Insights into Structure-Property Relationships of Doped Metal Oxide 

Nanocrystals Produced from a Continuous Growth Synthesis 

 

 

Colloidal metal oxide nanocrystals have tremendous potential to solve some of 

the world’s biggest problems in energy storage and harvesting, medicine, catalysis, 

electronics, and information technology. Colloidal metal oxide nanocrystals display 

unique size- and structure-dependent properties that differ from the bulk materials. The 

incorporation and utilization of these nanomaterials into modern technology hinges upon 

chemists’ abilities to synthesize the nanomaterials with atomic-level precision and control 

over size, morphology, composition, and surface chemistry. To this end, advances in 

synthetic development hold the keys to providing high-performance nanomaterials to 

solve global problems. 

This dissertation focuses on new synthetic approaches to producing doped-metal 

oxide nanocrystals, using a continuous growth synthesis. The synthesis allows for 

nanocrystals to be grown layer-by-layer at nearly the atomic level, much akin to atomic 

layer deposition in solid state chemistry and living polymerizations in polymer chemistry. 

This layer-by-layer growth allows for metal oxide nanocrystals to be synthesized with 

angstrom-level control over size, composition, and distribution of dopant atoms. This 

level of structural control has produced significant advancements in the investigations of 
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structure/property relationships. With In2O3 as a model system, in this dissertation 

nanocrystals are shown to exhibit composition-dependent optical properties, size-

dependent electrical properties, and dopant distribution-dependent plasmonic properties.  

This dissertation begins with a brief introduction outlining current challenges 

chemists face in synthesizing metal oxide nanocrystals. The advances in continuous 

growth synthesis developed in the Hutchison laboratory are then discussed. Additionally, 

the technological relevance of In2O3 (the focus material of this dissertation) is 

highlighted. The following chapters demonstrate new investigations only made possible 

through the continuous growth synthesis. First, improvements in nanocrystal composition 

is demonstrated, through the doping of In2O3 nanocrystals with a variety of transition 

metal dopant atoms, and the dopant atom incorporations are shown to be stoichiometric, 

and the dopants are homogenously distributed. Next, nanometer-level control over Sn-

doped In2O3 is demonstrated, in order to relate thin film resistivity to nanocrystal 

diameter. Finally, control over radial distribution of dopants is demonstrated in Sn-doped 

In2O3 and highlights the striking influence the dopant distributions exhibit on the 

plasmonic properties of the nanocrystals. 

This dissertation contains previously published and unpublished co-authored 

material. 
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CHAPTER I 

 

INTRODUCTION 

 

I am the primary and sole author to the writing of this chapter. 

 

Dissertation Introduction  

Over the last several decades, colloidal metal oxide nanocrystals have been proven 

valuable and impactful in countless transformative technologies, including, energy 

harvesting and storage,1,2 catalysis,3,4 and electronics.5–7 Nanocrystals utilities are derived 

from their size- and structure-dependent properties that arise when material dimensions are 

constricted on the nano-scale, and their incorporation into modern technology has been 

made possible due to tremendous synthetic advances.  As chemists develop new synthetic 

methods for increasing nanocrystal material quality, purity, complexity, and novelty, 

greater access of nanomaterials is afforded to the scientific and engineering communities. 

Synthetic advancement elevates the fundamental understanding of how nano-scale 

structure imparts material properties that differ from the bulk material, yields insight into 

inorganic material formation and growth processes at the atomic-level, and helps identify 

new applications and utilization for nanotechnology. 

However, in order for nanocrystals to be properly utilized in advanced applications, 

chemists face several challenges related to synthesis: 

1) Dimensional control – nanocrystals display size and shape dependent 

properties, many of which are affected by angstrom-level changes in dimension. 
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Nanocrystal size and shape are determined by a plethora of factors including 

temperature, solvent interactions, ligand-surface interactions, and surface 

reaction rates, and the interplay between these factors are often non-trivial and 

unintuitive. 

2) Compositional control – nanocrystals gain extrinsic properties when impurities 

are deliberately incorporated into the host lattice, and theses impurities can take 

the form of dopants and defects. Deliberate addition of impurities is 

challenging, as the formation chemistry between the host and impurity atoms 

must be balanced to prevent phase segregation or impurity exclusion. 

3) Control over the growth processes – nanocrystal size, morphology, surface 

chemistry, and composition are all determined during the growth phase of 

nanocrystal formation, therefore absolute control over the growth phase is the 

foundation over which control over nano-scale properties is built. Nanocrystals 

must be constructed akin to organic molecules, atom-by-atom with exclusive 

selectivity over atomic positioning in order to fully control the material 

properties. 

These challenges present a tall order for chemists; we must discover how to 

simultaneously control dimension, composition, and most importantly, the chemistry that 

dictates the growth processes these materials undergo. Development of new methods to 

allow for intentional and intuitive construction of size, atomic composition, structure, and 

surface chemistry will allow new transformative studies to be made on structure-property 

relationships.  
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This dissertation will explore how a continuous addition synthesis to nanocrystal 

growth can begin to solve these challenges. The Hutchison group has made many 

breakthroughs in metal oxide nanocrystal synthesis following the discovery of the 

continuous addition approach in 2014,8 allowing for unprecedented size and composition 

control and customization. The synthetic approach uses concepts borrowed from living 

polymerization and atomic layer deposition, where materials are built one atomic layer at 

a time. In this fashion, nanocrystals can be grown to a near infinite combination of size, 

structure, and composition,9–13 and the approach is adaptable to many binary and tertiary 

metal oxides. This dissertation will focus on utilizing this synthetic approach to investigate 

new structure-property relationships, using metal-doped In2O3 as a model system. The rest 

of Chapter I gives an overview of: traditional approaches and synthetic challenges to 

producing metal oxide nanocrystals, the synthetic approach developed in our laboratory 

that allows for new breakthroughs in controlling nanocrystal growth, the material 

properties and technological importance of In2O3 (the material of focus for this 

dissertation) and overviews for the remaining chapters in the dissertation. 

 

Current Synthetic Approaches and Challenges for Metal Oxide Nanocrystals 

 Metal oxide nanocrystals have been synthesized and studied for decades now, with 

hundreds of example synthetic approaches to produce nearly every possible oxide from the 

Periodic Table.2,14,15  The material properties of metal oxide nanocrystals depends not only 

the material identity, but also upon structure,7,16 composition,5,17 size,9,18 morphology,19–21 

and surface chemistry;22,23 these additional factors are collective products of the chemistry 

and reaction conditions used to synthesize the nanocrystals. Therefore, in order to 
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manipulate nano-scale properties through structural control, it is imperative that the 

nanocrystal formation chemistry be well-understood, controllable, and predictable.  

Despite decades of research on nanocrystal synthesis and reaction chemistry, it is 

still impossible to predict synthesis outcomes by simply examining the reaction mixtures 

and conditions, and it is not yet possible to apply principles such as retrosynthetic analysis 

to inform new pathways to synthetic targets. To understand the complexity of predicting 

the reaction products formed during a metal oxide nanocrystal synthesis, one only needs to 

examine the diversity of reaction mixtures. Metal oxide nanocrystals are generally 

synthesized15,24,25 through high temperature reactions involving a variety of metal salt 

molecular precursors (such as halides, carboxylates, and acetylacetonates) along with 

various high boiling long-chain organic compounds (including alcohols, ketones, amines, 

and carboxylic acids). The reaction mixtures contain multiple components, complicating 

mechanistic studies, and makes it challenging to derive predictive growth behavior from 

experimental observations.  

Reactions to produce the metal-oxygen bonds during nanocrystal formation and 

growth proceed through a variety of pathways including, esterification, alkyl halide 

elimination, ester elimination, and ether elimination.15,25,26 These reactions are often 

happening simultaneously during the reaction, and have different chemical sensitivities to 

slight variations in synthetic protocols. These variations result in changes in nanocrystal 

size, composition, structure, and morphology, but the correlation between synthetic 

variations and changes in the nanocrystal structure are generally non-intuitive and 

unpredictable. Using currently established reaction pathways to deliberately control and 

tune nanocrystal structure is at best laborious, and at worst impossible. Full understanding 
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of the nanocrystal formation and growth processes requires simultaneous consideration of 

all aspects of the reactions occurring, including pre-nucleation reactions, nucleation, 

nanocrystal surface reactions during growth, and ligand-solvent interactions to maintain 

colloidal stability. 

Metal oxide nanocrystals are often doped with impurity atoms to impart new 

properties and functionalities. Doped metal oxide nanocrystals have been investigated for 

their dopant-induced catalytic,3,4,27 electronic,6,28 and magnetic9,29,30 properties. The doping 

of semiconductor materials is essential to the modern microelectronics industry, and is one 

of the fundamental approaches to altering the materials’ physical and electronic 

structures.31,32 However, the inclusion of dopant atoms further complicates the reaction 

chemistries of nanocrystal formation and growth. Nanocrystals were once considered 

“undopable33” as they were rife with phase segregation34 and “self-purification,35,36” or the 

exclusion of impurities during crystal formation and growth.  

There have been many examples of successful strategies for doping metal oxide 

nanocrystals11,16,37–39, though they are often non-stoichiometric (the composition of the 

starting material does not trend with the resulting nanocrystal composition) and there are 

many instances of surface segregation. Additionally, adding dopant impurities to the 

reaction will influence the precursor conversion rates, nucleation, morphology, surface 

energies, and the resulting nanocrystal size,35 requiring a careful balance to be struck 

between the reactivities of the dopant and host atoms to ameliorate reaction complications. 

With all of the chemical challenges presented in designing and synthesizing nanocrystalline 

oxide materials with intended structure, composition, and properties, it is a wonder they 

are successfully produced at all. There is a great need in the nanocrystal community for 
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reaction chemistries that are reliable, intuitive, and predictable so that the nanocrystal 

formation processes can be exploited to obtain materials with intended structure, 

composition and material properties. 

 

Continuous Addition Synthesis of Metal Oxide Nanocrystals Through Metal-

Catalyzed Esterification. 

In 2014, our laboratory discovered8 a new way to synthesize metal oxide 

nanocrystals through a simple esterification pathway between metal oleate salts and alcohol 

solvent, and the synthetic approach was found to be widely applicable to many metal oxide 

systems, including doped nanocrystals and hetero core/shell structures. The synthesis 

utilizes metal oleate precursor, slowly added into oleyl alcohol solvent at 230 °C, where 

the metal catalyzes esterification between the oleate ligands the alcohol solvent to produce 

condensable M-OHx species. These M-OHx species will condense to form M-O-M bonds 

and thus initiate nanocrystal formation. Interestingly, it was found that the nanocrystals 

themselves contain these reactive M-OHx species on their surfaces,10 and these reactive 

sites are what drive further growth with the solution phase M-OHx species.  

This approach was foundational in many ways: the reaction chemistry proceeds 

through a single chemical pathway, a wide variety of oxide materials can be readily 

produced with minimal changes to synthetic conditions, the reactive metal precursor is 

introduced slowly (~ 10-20 mL/h) and controllable, which allows for fine control over the 

nanocrystal growth phase, and the nanocrystal surfaces remain chemically active while in 

the reaction. Since the initial report,8 more in depth studies have been performed on In2O3
10 

and Fe2O3/Fe3O4.
9 Importantly it was confirmed that the syntheses proceeds through a 
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living growth mechanism,12 much like living polymerizations, where the nanocrystals 

retain their reactive surfaces, and upon additional metal oleate precursor introduction the 

nanocrystals will continue to grow seemingly indefinitely. This aspect of the reaction 

allows for nanocrystal size to be tuned by adjusting the amount of metal precursor that is 

introduced into the reaction.  

  However, questions still remained regarding the compatibility of this new 

chemistry with regards to dopant incorporation, growth resolution, what new core/shell 

structures are available, and what size-dependent studies are now made possible. The work 

in this Dissertation focuses on In2O3 nanocrystals, and new structure-property relationships 

made possible through these synthetic advances, to answer many of these questions. In2O3 

was chosen for study as the model system for a variety of reasons: the growth behavior of 

In2O3 was the best understood in the continuous addition synthesis, the In3+ metal in the 

precursor does not undergo any redox changes during the reaction, and In2O3 has great 

technological importance as a transparent conductor40 and plasmonic41 material. 

 

In2O3 as a Transparent Conducting Oxide  

Transparent conducting oxides (TCOs) represent a special class of inorganic 

materials that exhibit both optical transparency and high electronic conductivity. These 

attributes make TCOs vital as thin film electrode materials for many modern electronic 

devices such as flat panel displays, touch screens, solar cells, and energy efficient 

windows.40,42–46 TCO materials gain their unique optoelectronic properties through 

significant degeneracy in a wide band gap (2-4 eV) semiconductor. The degeneracy is 

generally achieved through the introduction of aliovalent dopant atoms into the 
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semiconductor lattice. The primary example of this is Sn-doped In2O3 (ITO), which 

dominates the TCO market with a 93% share.47,48 As the In2O3 oxide lattice is doped with 

Sn4+ atoms, the resulting change in net charge within the crystal lattice is neutralized by 

excess electrons which populate the material’s conduction band. The defect model 

generally applied to this process includes interstitial oxygen incorporation along with the 

substitutional Sn4+ incorporation.49 This leads to the formation of a 2SnInOi complex (where 

Sn substitutes for In). Under reducing conditions during or after lattice formation, the 

complex degrades as 

2(2𝑆𝑛𝐼𝑛𝑂𝑖) → 𝑂2(𝑔) + 4𝑆𝑛𝐼𝑛 + 4𝑒− 

and 2 electrons per reduced complex are released into the In2O3 conduction band. 

 Currently, commercially-used ITO thin films are produced via vacuum sputtering 

deposition, which yields the best combination of electrical and optical properties of high 

conductivity (~10-4 Ω-cm) and high optical transparency (> 95%),50,51 respectively. 

However, there is significant economic motivation to replace vacuum deposition processes 

with solution-processing in order to reduce material waste42,52 and improve system 

compatibility with emerging soft-electronics such as organic electronics, perovskite solar 

cells, and flexible substrates.53–57 Colloidal ITO nanocrystals are a prime candidate for 

solution processed TCO’s, as they are readily adaptable to industrial solution processes, 

have low impurity contamination compared to their molecular TCO precursor counterparts, 

and are fully crystalline upon deposition. The use of ITO nanocrystals as solution-cast thin 

film precursors is discussed in greater detail in Chapter III. 
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Plasmonic Metal Oxide Nanocrystals 

 Doped metal oxide nanocrystals, such as ITO, can exhibit plasmonic properties 

much like metallic nanocrystals. Plasmonic nanocrystals have use in a variety of 

applications including spectroscopy,58,59 sensing,60–62 and biomedical agents.19,63 

Plasmonic materials are generally thought of as noble metal nanocrystals (such as Au or 

Ag), however when metal oxide nanocrystals are doped to sufficiently high levels they will 

exhibit a plasmon resonance, albeit at lower energies than their noble metal counterparts. 

The energy of the plasmon resonance is directly proportional to the free electron 

concentration of the material, given by Equation 1: 

𝜔𝑝 = √
𝑁𝑒𝑒2

𝑚∗𝜀𝑜
      (1) 

where ωp is the bulk plasma frequency, Ne is the free carrier concentration, e is the 

elementary charge, m* is the effective mass, and εo is the permittivity of free space. The 

plasmon resonance arises from the free electrons in the metal oxide’s conduction band 

introduced from the dopant atoms, e.g., Sn-doped In2O3. Metal oxide nanocrystals are 

especially intriguing as plasmonic materials because their properties can be readily tuned 

through composition, unlike the noble metal materials whose electron concentrations and 

plasmon energies are fixed. As a consequence, the optical utility of plasmonic metal 

nanocrystals is limited to 300 – 1000 nm, whereas the plasmon in metal oxide nanocrystals 

can be readily tuned from 500 – 25000 nm. This breadth of optical utility for plasmonic 

metal oxide nanocrystals is unrivaled, and yields a wide range of potential applications 

from medicine to telecommunications.  
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However, in order to integrate plasmonic oxide materials into modern technologies, 

synthetic control must be improved. As discussed earlier in the Chapter, the dopant atoms 

are often difficult to incorporate into the host lattice, and surface segregation may be much 

more common than previously acknowledged.64 The plasmonic properties of metal oxide 

nanocrystals have been shown to depend upon the distribution of dopants within the 

nanocrystals, and this dependency can have an even greater influence the properties than 

composition alone. Prior to the report by Jansons et al,10 there was no known way to 

synthetically control dopant distribution at the sub-nanometer level. This level of structural 

control over a nanocrystal composition is required in order to better design plasmonic 

nanomaterials, and in order to gain a more complete fundamental understanding of 

structural effects on plasmonic material properties. Chapter 4 discusses in greater detail the 

impacts of dopant distributions on the plasmonic properties of metal oxide nanocrystals, as 

well as new synthetic approaches to designing nanocrystal compositions at the sub-

nanometer level. 

 

Dissertation Overview 

Chapter II demonstrates unprecedented control over the composition of doped 

metal oxide nanocrystals, made possible by a slow, continuous injection approach. We 

show incorporation of several first row transition metal dopants into an In2O3 matrix, and 

the dopant concentration can be controlled simply by adjusting the precursor metal ratio. 

The resulting nanocrystal compositions are in agreement with the precursor composition, 

most of the dopant atoms incorporate with > 90% efficacy, and the distribution of dopant 

atoms is homogeneous throughout the nanocrystals. This synthetic approach allows the 
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production of doped nanocrystals with custom, well-defined composition and size. This 

level of structural control is essential to developing the fundamental relationships between 

composition, structure, and properties of nanocrystals. Chapter II is reprinted from a 

published article in Chemistry of Materials (Jansons, A. W.; Koskela, K. M.; Crockett, B. 

M.; Hutchison, J. E. Transition Metal-Doped Metal Oxide Nanocrystals:  Efficient 

Substitutional Doping Through a Continuous Growth Process. Chem. Mater. 2017, 29 (19), 

8167–8176.).  Experiments were performed by Kristopher Koskela, Adam Jansons, and 

myself.  All four co-authors wrote the paper. 

Properties of Nanocrystals not only depend upon composition, but importantly 

depend upon size. Chapter III displays how nanocrystal size impacts thin film electrical 

properties, namely thin film resistivity. Using the continuous injection synthesis, a size 

ladder of Sn-doped In2O3 nanocrystals containing seven samples ranging from 5 to 21 nm 

in diameter is produced. The nanocrystals are shown to be solution-processable into thin 

films under mild conditions. The resulting thin film resistivities were measured, and the 

values decreased by an order of magnitude as nanocrystal size was increased from 5 to 21 

nm. Traditional metal oxide nanocrystal syntheses were unable to produce the size ladder 

required to perform the study, and the study represents a significant advancement in metal 

oxide nanocrystal synthesis and should enable similar size-property relationships to be 

developed in other systems. Chapter III is reprinted from an article under review at 

Chemistry of Materials (Crocket, B. M.; Jansons, A. W.; Koskela, K. M.; Sharps, M. C.; 

Johnson, D. W.; Hutchison, J. E. Transition Metal-Doped Metal Oxide Nanocrystals: The 

influence of nanocrystal size on optoelectronic properties of thin, solution cast Sn-doped 

In2O3) Experiments were performed by Kristopher Koskela, Adam Jansons, Meredith 
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Sharps, and myself.  I wrote the manuscript in collaboration with Adam Jansons and James 

Hutchison. 

Nanocrystal properties depend on composition, size, and structure, and the 

independent alteration of these attributes has been the ultimate frontier in nanoscience. 

Chapter IV demonstrates the combination of atomic-level control over composition with 

nanometer-level control over size, allowing for structural influences on exotic optical 

properties to be explored, particularly the localized surface plasmon resonance (LSPR). 

LSPRs arise in degenerately-doped semiconducting nanocrystals, where the dopant atoms 

yield free electrons. Generally, the LSPR in metal oxide nanocrystals is tuned through 

composition and the concentration of incorporated dopant atoms. Here we show that by 

combining the compositional control displayed in Chapter II, with the size control 

displayed in Chapter III, the radial position of dopant atoms came be precisely controlled 

within the nanocrystal. Using Sn-doped In2O3, the radial positions of the Sn atoms is shown 

to profoundly impact the LSPR properties including the LSPR energy, damping 

(proportional to linewidth), and the dopant activation (the number of electrons donated per 

tin dopant atom). This approach gives the community a new way to design plasmonic 

materials that decouples the properties from composition alone. Chapter VI is reprinted 

from a published article in ACS Nano (Crockett, B. M.; Jansons, A. W.; Koskela, K. M.; 

Johnson, D. W.; Hutchison, J. E. Radial Dopant Placement for Tuning Plasmonic 

Properties in Metal Oxide Nanocrystals. ACS Nano 2017, 11 (8), 7719–7728).  

Experiments were performed by Adam Jansons, Kristopher Koskela, and myself. I wrote 

the manuscript in collaboration with Adam Jansons and James Hutchison. 
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Finally, Chapter V discusses conclusions and closing ideas regarding the 

continuous growth synthesis, and gives insight into future avenues of investigation and 

inquiry. 
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CHAPTER II 

 

TRANSITION METAL-DOPED METAL OXIDE NANOCRYSTALS: EFFICIENT 

SUBSTITUTIONAL DOPING THROUGH A CONTINUOUS GROWTH PROCESS 

 

This chapter was previously published as Jansons, A. W.; Koskela, K. M.; Crockett,  B. 

M.; Hutchison, J. E. Transition Metal-Doped Metal Oxide Nanocrystals: Efficient 

Substitutional Doping Through a Continuous Growth Process. Chem. Mater. 2017, 29 (19), 

8167–8176.  Copyright 2017 American Chemical Society 

 

Introduction 

The intentional introduction of defects into host structures is the foundation for 

useful properties that are utilized today in many important applications.  This approach has 

long been used in bulk materials to alter the electronic, magnetic, and physical structure of 

semiconductors,1,2 and is essential to the modern microelectronics industry. Similarly in 

nanocrystals, the introduction of defects through dopant incorporation imparts interesting 

properties that we are beginning to understand and harness in applications.3–6 Exciting 

recent discoveries of magnetic,7–12 luminescent,13–21 catalytic,22–24 and optoelectronic25–31 

properties of nanocrystals have been investigated as a result of nanocrystal doping.  These 

properties can be further enhanced if advanced synthetic strategies are developed.32,33 

 While many synthetic approaches for the production of doped oxide nanocrystals 

have been established,34–45 several challenges remain.  Producing doped nanocrystals with 

precise control of nanocrystal size, composition, and internal structure remains a large 
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barrier to broader adoption and further technological advancement.4  Doped nanocrystals 

are notorious for “self-purification,” i.e., the exclusion of dopants from the host lattice—

an argument that is often justified by considering the thermodynamics of impurity 

formation.46,47  Thermodynamics are also cited when considering that dopant incorporation 

levels in nanocrystals have traditionally been well below the solid solubility limits found 

in bulk analogs and rarely contain > 10 atomic % dopant. The argument falls short however, 

when considering that kinetics rather than thermodynamics controls this process at the 

nanoscale.48,49  It is widely believed that substitutional doping can only be obtained if 

dopants can find their way onto the surface of the nanocrystal for long enough that they 

become surrounded by host monomer overgrowth.46,48,50,51   Thus, consideration of the 

nanocrystal surface chemistry—including size, shape, ligands, and functional groups—

becomes extremely important for effective dopant incorporation.   

In the many cases where kinetics controls the efficacy of dopant incorporation, 

considering both host and dopant precursor reactivity is critical for doped product 

formation.50  If a balance between reaction rates is not met and the host precursor forms 

reactive monomer faster than dopant precursor, then dopant incorporation could be low or 

absent.  Conversely, if dopant precursor formation kinetics are faster than the host, new 

crystal phases are produced that contain primarily the dopant element.  Even if conditions 

are favorable for uniform doping at nucleation, dopant incorporation is known to be 

dependent on specific crystal facets and/or ligand environment,49 which may not be 

constant as crystal growth continues.   Therefore, the majority of doped-nanocrystal 

synthetic methods attempt to obtain this balance through careful, and often tedious, trial 
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and error selection of precursors and synthetic conditions in order to match precursor 

reactivity rates and subsequently form a substitutionally-doped nanocrystal.  

 Production of a doped structure, however, is not the final measure of success.  

Different synthetic methods can produce equivalent composition yet yield nanocrystals 

with undesirable variations in radial dopant locations.  These small structural differences 

may drastically affect properties.52,53   In addition, some synthetic methods give rise to 

large variations in the number of dopants per nanocrystal within an ensemble, beyond that 

predicted by Poisson statistics.54  Here again, variations in composition can drastically 

influence the desired properties.32  Besides composition and structure, control of 

nanocrystal size becomes an additional challenge because the properties of nanomaterials 

are size dependent.  Synthetic approaches are usually developed to control size or produce 

a desired composition but generally not both. This is because the introduction of dopants 

disrupts the thermodynamics of nucleation,54 making it difficult to control both dopant 

incorporation and size with desired precision.  

  Exploration of new synthetic approaches to doped nanocrystals to complement 

rapid-injection or thermal decomposition reactions may be valuable given the significant 

challenges in producing and controlling the composition, structure, and size.  Rather than 

precipitation reactions, which trap dopants in a crystalline matrix, we hypothesized that the 

use of reactive surface functional groups could facilitate the incorporation of transition 

metal dopants into a host oxide lattice.  An ideal synthetic method would allow the layer-

by-layer growth of nanomaterials with precise control over the composition in each layer, 

thus allowing enhanced control over both overall nanocrystal composition and radial 

structure.   Ideally, such a method would be amenable to a wide variety of dopants, and 
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would facilitate the predictable incorporation of dopants at levels near thermodynamically-

predicted solid solubilities.   

A number of authors have highlighted the need to carefully choose the right 

precursors (often a metal alkylcarboxylate) to effectively form the desired doped 

product.40,50,55 Without the appropriate precursors, host and dopant precursors reactivities 

may not be sufficiently matched.  We thought that using a slower, layer-by-layer 

nanocrystal growth process would facilitate more even incorporation of dopant atoms while 

preventing coalescence or ripening.56,57  Thus, carefully choosing metal precursors may not 

be necessary, and for this reason we chose to simply use metal oleates for both host and 

dopant precursors.  Further, the slow addition of precursor allows particle growth to occur 

with constant concentration of dopant in each added layer, ensuring that dopant atoms are 

homogeneously distributed radially throughout the structure.    

Herein we report the synthesis of substitutionally doped Mn, Fe, Co, Cu, and Zn-doped 

In2O3 nanocrystals at 5, 10, and 20 atomic percent.  We find that dopant incorporation 

efficacy is nearly quantitative, which allows the logical preparation of highly-doped 

nanocrystaline structures.  With the exception of the Cu-doped nanocrystals, which we 

found to temporarily incorporate into the oxide lattice before surface segregation, the 

dopant cations are homogeneously-distributed throughout the nanocrystal without surface 

or core localization.  As a wide bandgap oxide, In2O3 allows ligand field transitions to be 

observed in visible energies, allowing one to probe the optical properties resulting from 

doping.  The observed electronic transitions of first row transition metal dopants in the 

In2O3 structure indicate that dopants lie in octahedral geometries, which is consistent with 

substitutional incorporation of the cations.  The slow, controlled growth of oxide 
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nanocrystals made possible by this synthetic method makes it possible to precisely control 

the internal nanocrystal structure and composition.      

Results and Discussion 

 An alternative approach to traditional thermal decomposition reactions are the use 

of so called nonaqueous sol-gel reactions to synthesize doped oxide 

nanocrystals.27,35,37,40,41,50,55,58,59 These reactions rely on predictable principles from organic 

chemistry to arrive at reactive monomer.60  Using an esterification-based mechanism, we 

recently showed that a variety of binary oxide nanocrystals, including In2O3, γ-Fe2O3, 

Mn3O4, CoO, and ZnO, could be obtained through the slow addition of metal carboxylate 

into long-chain alcohol at elevated temperatures.59  Particle growth is facilitated by the 

production of reactive metal hydroxyl groups, which subsequently condense with 

hydroxyls on the particle surface.  Because the method relies on metal-catalyzed 

esterification and not thermal decomposition, we thought this approach could be used to 

precisely control dopant incorporation into oxide nanocrystals simply by tuning precursor 

molar ratios. Further, we hypothesized that we may be able to access dopant concentrations 

higher than those typically reported for semiconducting nanocrystals, owing to the kinetic 

control provided by the living growth process. If this growth process supports continuous 

growth by both matrix and dopant precursors, we would expect dopant incorporation 

efficacies near 100%, well beyond those typically found for the production of doped oxide 

nanocrystals.   

Previous studies using the slow-addition of metal carboxylates into oleyl alcohol 

had shown that the method is amenable to the production of Sn-doped In2O3 (ITO) 

nanocrystals with very high dopant efficacies, and produced nanocrystal product in high 
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yield.53,56,59  Because Sn and In are similar in size and reactivity, synthesizing ITO with 

controlled composition was interesting, but not surprising.  We sought to investigate the 

incorporation of transition metal cations to determine how differing sizes of cations 

influence their incorporation into the oxide lattice..   

Using In2O3 as a model oxide system, we synthesized Mn: In2O3, Fe: In2O3, Co: 

In2O3, Cu: In2O3, and Zn: In2O3 nanocrystals at nominal dopant concentrations of 5, 10, 

and 20 atomic %.  Indium oxide was chosen as an appropriate model system because of its 

importance as a transparent electrode,61 its emergence as a model system for the study of 

unique optoelectronic properties including near-IR localized surface plasmon resonances 

(LSPRs),62 and its role as a host material for dilute magnetic oxides.63    During synthesis, 

we kept the total metal content in the precursor at one mmol as a convenient point of 

comparison.  Synthesizing larger particle sizes with sub-nanometer precision and 

producing larger quantities of product is possible simply by adding more precursor.53,56 

The transition metal dopants used have a range in effective ionic radii from 69 pm (for 

octahedrally coordinated Fe3+) to 88 pm (for Zn2+),64 allowing us to probe the influence of 

cation size on dopant incorporation efficacy.  The radius of In3+ in the In2O3 host matrix is 

94 pm.64   

After the addition of the metal oleate precursor, nanocrystals were purified by 

multiple precipitations with an anti-solvent (ethanol) and collected by centrifugation.  No 

size selection processes were used.  Size, size dispersion, and shape were determined by 

small-angle X-ray scattering (SAXS) and transmission electron microscopy (TEM).  

Figure 2.1 displays TEM images of the doped nanocrystals at each dopant concentration. 

SAXS results (Table 2.1) corroborate nanocrystal size and size dispersion data from TEM. 
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Several anticipated outcomes become apparent from these data.  First, the presence of a 

dopant cation influences the mean size of nanocrystal produced based upon the addition of 

one mmol of total metal (host + dopant) precursor.  Compared to undoped In2O3 

nanocrystals, the addition of dopant cations produce a smaller mean size of nanocrystals, 

with higher dopant concentration in the precursor leading to a further decrease in the mean 

size of the product.  The influence of dopant cations on the driving force for homogeneous 

nucleation has been discussed,54 and a similar trend in mean size with the presence of 

dopants has been observed.65  As expected, more dopant cations on the surface of the 

nanocrystal leads to a slower initial growth rate of the initial formed nuclei allowing new 

nucleation to occur. Previous authors have similarly attributed the change in doped 

nanocrystal size to a thermodynamic barrier of growth onto doped nanocrystals because 

surface dopants modify the surface energy of the nanocrystal.65,66  Eventually, with the 

accumulation of more monomer and now more nuclei in solution, growth can continue on 

the doped particles.   

  Increasing the dopant content in the precursor also increases the shape anisotropy 

of the formed nanocrystals, which is reflected in the polydispersity measurements by SAXS 

shown in Table 2.1.  Since only metal oleates and oleyl alcohol are present in each of the 

reaction mixtures, we can confirm that shape changes are only due to the dopant cations 

and not additional coordinating reagents or changes in reaction conditions.  Nanocrystal 

shape changes with dopant addition are well documented in literature,27,41,50,67 and it is 

possible that dopants may alter the ligand-metal binding energies as well alter the surface 

energies of specific crystallographic facets, leading to anisotropic growth.  Unraveling the 

precise mechanism with which the dopants lead to the varying morphologies is beyond the 
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scope of this work. However, it is worth pointing out that while some dopants, like Fe, 

seem to only slightly change the particle morphology, other dopants, like Mn and Co, 

drastically alter size and shape of the formed nanocrystals at higher concentration. 

 

Figure 2.1.  TEM images taken of doped In2O3 nanocrystals at varying molar dopant ratios.  

Scale bars are 20 nm.  The nominal dopant percent in the precursor increases from left to 

right, 5% dopant on the left, 10% center, and 20% right.  Panel a) displays Mn: In2O3, b) 

Fe: In2O3, c) Co: In2O3, d) Cu: In2O3, and e) Zn: In2O3     
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Table 2.1.  Doped nanocrystal size and size dispersion from SAXS. 

Dopant 
Nominal dopant 
% in precursor 

Size (nm) % Polydispersity 

undoped 
In2O3 

0 8.2 10.7 

Mn 5 7.3 12.0 

Mn 10 6.3 17.5 

Mn 20 5.0 27.1 

Fe 5 7.4 12.3 

Fe 10 7.1 12.2 

Fe 20 6.0 14.8 

Co 5 7.2 10.1 

Co 10 6.6 32.5 

Co 20 4.8 41.5 

Cu 5 7.9 9.9 

Cu 10 7.9 10.6 

Cu 20 7.2 14.5 

Zn 5 7.5 16.1 

Zn 10 6.1 14.1 

Zn 20 5.8 14.6 

 

The compositions of the nanocrystals were determined by inductively coupled 

plasma optical emission spectroscopy (ICP-OES).  After purification, the nanocrystals 

were dissolved in nitric acid and diluted for elemental analysis.  Table 2.2 compares the 

precise nominal dopant concentration in the added precursor with the dopant concentration 

found in the purified nanocrystals.  As displayed, most dopants incorporate with > 90% 

efficacy, even at dopant concentrations as high as 20%.  Interestingly, in many of the higher 

doped samples, efficacies surpass 100%, indicating that indium monomer is 

disproportionally excluded from the growing nanocrystals.   For the Cu: In2O3 

nanocrystals, the efficacy of incorporation of the dopant is much lower compared to the 

other dopants.  We will discuss the copper samples separately later in this discussion.   
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Table 2.2.  Dopant concentrations in purified nanocrystals compared to the precursor 

composition, and the resulting dopant incorporation efficacy. 

Dopant 

Precise nominal 
dopant 

concentration 
(atomic %) 

Nanocrystal dopant 
concentration 

(atomic %, ICP-OES)* 

Dopant 
incorporation 
efficacy (%) 

Mn 4.9 4.8 98 

Mn 9.8 9.0 92 

Mn 20.2 21.3 105 

Fe 5.1 4.9 96 

Fe 9.9 9.1 92 

Fe 19.8 20.4 103 

Co 5.4 4.9 91 

Co 10.4 10.1 97 

Co 20.3 20.8 102 

Cu 5.2 4.8 92 

Cu 10.9 7.3 67 

Cu 20.4 15.6 76 

Zn 6.0 5.9 98 

Zn 12.3 11.5 93 

Zn 20.5 19.9 97 

*Concentrations determined by ICP-OES have standard deviations of ≤ 0.05 atomic % 

We also utilized X-ray photoelectron spectroscopy (XPS) on selected doped 

samples to complement the measurements carried out with ICP-OES (see Figure A1 for 

example XPS spectra).  XPS yields elemental information from the surface of the 

nanocrystals. At the binding energies investigated, XPS samples a depth of ~3 nm in 

In2O3.
68 This sampling depth does not take into account the organic ligand shell, but 

scattering of signal due to the organic ligands is less than the inorganic core.  Using XPS, 

along with complementary elemental analysis by ICP-OES, allows one to probe the radial 

distribution of dopant atoms in the nanocrystal, which is a small yet extremely important 

detail that is often overlooked in the characterization of doped nanocrystals. We integrated 

the In 3d5/2 peaks and the transition metal dopant 2p3/2 peaks to assess the dopant 

concentration near the nanocrystal surface.  The fact that the values for dopant 

concentration found near the surface (by XPS) match those found for bulk measurements 
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(by ICP-OES) (Table 2.3) suggests that dopants are homogeneously distributed throughout 

the nanocrystal, and not surface segregated.  We could not obtain accurate elemental 

information by XPS from the Fe: In2O3 samples, as the Fe 2p peaks, which have the highest 

sensitivity factor, are buried by a large In 3p loss feature.  The Fe 3p peaks do not have a 

sensitivity factor high enough to accurately quantify Fe content on the surface.  In some 

cases where the nanocrystals are small (< 6 nm), it may be possible that XPS is sampling 

more than half the nanocrystal. In this case, the combination of ICP-OES and XPS might 

not appropriately assess the radial dopant position and both techniques would yield similar 

compositions. While this is a possibility for some of the nanocrystals investigated in Table 

2.3, it is apparent from the data for the largest nanocrystals that dopants are not segregating 

at the surface or forming amorphous clusters on the surface, as this scenario would lead to 

stronger dopant signal. 

Table 2.3.  Comparison of dopant concentrations in the purified nanocrystals by ICP-

OES and XPS. 

Dopant 
Nominal dopant 
concentration 

(atomic %) 

Dopant 
atomic % 
(ICP-OES) 

Dopant 
atomic % 

(XPS)* 

Mn 9.8 9.0 9.6 

Co 10.4 10.1 11.2 

Zn 6.0 5.9 5.1 

Zn 12.3 11.5 11.7 

Zn 20.5 19.9 20.1 

*Concentrations determined by XPS have a standard deviation of ≤ 0.2 atomic % 

In order to confirm that the dopant atoms are substitutionally incorporating into the 

In2O3 lattice, we studied structural changes of the nanocrystals with X-ray diffraction 

(XRD).  For all dopant cations at all concentrations investigated we found no evidence of 

secondary phases or crystalline phases other than cubic bixbyite In2O3 (Figure 2.2).  This 

finding contrasts with previous reports that identified the corundum-type crystal structure 
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for doped In2O3 nanocrystals at certain dopant concentrations or crystal sizes.69,70  Further 

inspection of the XRD patterns in Figure 2.2 reveals small shifts and changes in intensity 

for the diffraction peaks as the dopant concentration is increased.  These variations are 

most evident in the (222), (400), and (440) reflections.  The influence on the other 

diffraction peaks are harder to discern given the broadening due to small crystallite size. 

Increased broadening at higher dopant concentrations is the result of smaller crystallite 

sizes, confirmed by SAXS and TEM data (Figure 2.1 & Table 2.1).    

Using Rietveld analysis71 (Figure A2), we extracted the cubic lattice constant a for 

each of the doped nanocrystal samples.  Figure 2.3 plots the extracted lattice constants as 

a function of dopant concentration found by ICP-OES.  The lattice constant of the undoped 

In2O3 nanocrystals matches that of bulk In2O3, both 10.117 Å (JCPDS no. 06-0416).  As 

displayed in Figure 2, the lattice constant decreases for all samples with incorporated 

dopant, and further decreases with additional dopant presence, as expected by Vegard’s 

law.72 Furthermore, the difference in slopes for each dopant qualitatively matches the 

expected trend when comparing octahedrally coordinated ionic radii of the specific cations 

used as precursors. From the literature,64 we find the trend in octahedrally coordinated ionic 

radii of cations: Fe3+ (69 pm) < Co 2+ (79 pm) < Mn2+ (81 pm) < Zn2+ (88 pm) < In3+ (94 

pm).  It has previously been shown in oxide nanocrystals that a decreasing crystallite size 

leads to an increase in the crystalline lattice constant.73  The fact that we observe a 

decreased lattice constant (Figure 2.3) despite the decreasing crystallite size for doped 

products (Figure 2.1 and Table 2.1) strongly suggests that the cations are substitutionally 

doping for In3+ cations. 



26 

 

 

Figure 2.2.  X-ray diffraction patterns of bulk (black, bottom trace), undoped (grey trace), 

and Mn, Fe, Co, and Zn doped indium oxide nanocrystals at 5, 10, and 20% dopant 

concentrations.  The peak present at 43.5 o in some samples is due to the silicon substrate.   
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Figure 2.3.  Lattice constants extracted through Reitveld analysis for doped and undoped 

nanocrystals plotted as a function of dopant concentration from ICP-OES.  Predictable 

decreases in lattice constant as a function of increased dopant incorporation suggest 

substitutional doping in the oxide nanocrystals.  

Further evidence of substitutional doping can be found from electronic absorption 

spectroscopy.  Figure 2.4 displays the absorbance spectra for the 10% doped nanocrystals 

at two concentrations. Spectra collected at low concentration (~0.05 mg/mL) make it 

possible to observe the band-edge absorption.  Spectra collected at higher concentration 

(~10 mg/mL) can be used to identify ligand field transitions of the octahedrally coordinated 

metal centers.  In the bixbyite structure, In3+ resides in two distinct six-coordinated sites 

within the lattice, the b and d sites.39,70,74 Dopants with cation radii smaller than In3+ are 

thought to reside in the distorted octahedral d sites, with C2 point group symmetry.70,75  A 

solution of Mn: In2O3 nanocrystals suspended in hexanes at room temperature (Figure 2.4b) 

gives rise to a pink/red color, which, at first appearance, is characteristic of octahedrally 

coordinated Mn2+ complexes.76  However, it is more likely these transitions arise from spin-

allowed 5Eg  5T2g transitions of Mn3+, as previously reported and discussed from a 
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separate synthesis of Mn: In2O3 nanocrystals by Radovanovic et al.70 The electronic spectra 

reported in their study qualitatively match the spectrum in Figure 2.4b.  They assigned this 

transition to a d4 ion in a rhombic environment (which, as they point out, is structurally 

similar to the d site of a bixbyite lattice).  In this environment, T2g and Eg terms split further 

into A and B terms.70,76  Given these considerations and previously discussed spectra,70 we 

can assign the peaks at ~18,000 cm-1, ~20,000 cm-1, and ~22,000 cm-1 to the 5Bg  5Ag, 

5Bg  5Bg, and 5Bg  5Ag transitions, respectively. Figure 2.4f shows solutions of the 5, 

10, and 20% Mn: In2O3 nanocrystals at the same concentration by mass (5 mg/mL), 

displaying the increasing intensity of the absorbance for the charge transfer and d-d 

transitions as the dopant concentration is increased.   

Octahedrally coordinated Fe3+ cations generally exhibit much weaker d-d 

transitions than other d5 systems, and therefore are not expected to appear in the absorbance 

spectrum shown in Figure 2.4c.76  A previously reported synthesis and characterization of 

Fe: In2O3 nanocrystals assigns a similar peak at ~21,000 cm-1 to ligand-to-metal charge 

transfer transitions.77  Elsewhere, Fe-doped In2O3 nanocrystals produced by a colloidal 

synthesis78 were reported to have a color that qualitatively matches that of the solution in 

Figure 2.4b; however, no electronic absorbance data were reported.  The absorbance 

spectrum of Co: In2O3 is displayed in Figure 2.4d.  The broad absorption is similarly likely 

due to ligand-to-metal charge transfer.  Comparing the spectrum in Figure 2.4d to 

previously reported Co2+ pseudooctahedral complexes,76 a possible 4T1g 
4T1g(P) 

transition may be present at ~18,000 cm-1.  Co: In2O3 thin films showed similar absorption 

features, though their origin was not discussed.79  As expected, undoped In2O3 (Figure 2.4a) 
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and Zn: In2O3 (Figure 2.4e) do not give rise to any d-d transitions in the visible region (Zn2+ 

is a d10 metal center).   

 

 

 

Figure 2.4.  Electronic absorbance spectra collected on solutions of nanocrystals in 

hexanes at room temperature along with pictures of the solutions.  Inset plots display 

spectra from dilute solutions (~0.05 mg/mL) of the nanocrystals that can be used to obtain 

band gap energy estimates.  a) undoped In2O3 nanocrystals, b) Mn: In2O3, c) Fe: In2O3, d) 

Co: In2O3, and e) Zn: In2O3.  f) absorbance spectra from solutions of 5, 10, and 20 atomic 

% doped Mn: In2O3 nanocrystals, all at constant concentration (5 mg/mL).  The inset shows 

pictures of all three solutions, increasing in dopant concentration from left to right.   

Band gap energies of doped and undoped In2O3 are estimated from absorption 

onsets from dilute solutions of nanocrystals shown in Figure 2.4.  For undoped In2O3, 
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absorbance onset occurs at ~29,500 cm-1, corresponding to a band gap ~ 3.66 eV.   Bixbyite 

In2O3 is commonly reported as having a bandgap between 3.5-3.7 eV.80  All doped samples 

display a slightly red-shifted absorbance onset of ~29,000 cm-1 (~3.60 eV).  The slight 

decrease in bandgap with doping has been attributed to donor states which arise within the 

band, likely from charge compensating oxygen vacancies.79  The presence of dopant 

cations likely lowers the energy of vacancy formation.81  A qualitative measure of oxygen 

vacancy content can be assessed by examining the near-infrared/infrared localized surface 

plasmon resonance (LSPR) absorbance of the nanocrystals, which arise in oxide 

nanocrystals due to free carriers formed via doping,  or in this case, oxygen 

vacancies.25,31,82,83  The peak of the LSPR is directly proportional to the free electron 

content of the nanocrystals.84  IR spectra  (Figure A3) of undoped In2O3 displays a weak 

LSPR absorbance ~1,400 cm-1, while the doped samples display a broader, more intense 

absorption centered at energies > 4,000 cm-1.  The shift in the LSPR to higher energy 

indicates a higher free electron concentration in the doped samples, a direct result of the 

larger concentration of vacancy defects.  Fitting of the O1s XPS spectra (Figure A1) for 5 

and 20% Zn: In2O3 samples results in a more prominent peak at 529.7 eV, suggesting a 

higher degree of oxygen deficient/defective oxide sites that increase as the dopant 

concentration increases.  Notably, these defects have been shown to enhance some 

favorable properties, including sensitivity to oxidizing or reducing gases when these 

materials are used as the active component in gas sensors.85–87 

 As shown in Figure 2.1, the synthetic method also produced Cu: In2O3 nanocrystals.  

Copper ions have traditionally been difficult to dope within intrinsically n-type oxides,88,89 

and indium oxide has recently been shown to be an effective diffusion barrier to copper.90 
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The fact that we were able to incorporate copper highlights the kinetic control possible 

with the slow addition method.  After isolation of the Cu doped nanocrystals, however, we 

noticed some gradual changes in the properties of the material.  Immediately after 

purification and dispersion of the synthesized nanocrystals in hexanes the color of the 

solution appeared dark red.  One day after leaving the solution at room temperature, the 

solution color changed from red to a blue/grey, and gradually (over several days to ~ a 

week), changed to dark green (Figure 2.5a).  The absorbance spectrum (Figure 2.5b) 

initially displayed a single absorbance band at ~17,530 cm-1 that gradually shifts to lower 

energies as the solution color gradually turns green.  Because the intensity of the peak in 

the spectra gradually decreases over time, a spectrum from a concentrated sample after two 

weeks is shown in the inset of Figure 2.5b, more clearly displaying the red-shifted peak at 

~16,430 cm-1. XRD patterns from the copper-doped samples (Figure 2.5c) display peaks 

consistent with the bixbyite In2O3 pattern. However, the peak intensities are irregular and 

accurate Rietveld refinements were difficult to obtain without significantly altering the 

occupancy of the unit cell.  This is especially noticeable in the pattern two days after 

synthesis (Figure 2.5c, blue trace) that displays a (440) peak at 51o that is large relative to 

the (222) peak at 30o.  A new pattern acquired on the same sample two weeks later shows 

expected relative intensities of the (222) and (440) peaks; however, refinements still 

resulted in a poor fit.  From Braggs law, a qualitative understanding of the change in lattice 

constant can be found from the peak centers of the (222) and (440) peaks.   Both peaks 

initially display peak centers shifted to higher 2-theta relative to undoped In2O3, consistent 

with a lattice contraction.  Over time the peak centers shift to slightly smaller 2-theta, 

indicating a subsequent lattice expansion. 
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   To account for the observed changes, we performed XPS on a sample immediately 

after synthesis and two days after synthesis.  As displayed in Figure 2.5d, the surface of 

the freshly made nanocrystal displays almost no copper present, while two days later 

copper appears on the nanocrystal surface.  No change in nanocrystal size or size dispersion 

was found via SAXS during this period.  Taken collectively, the data suggest that the 

electronic and structural changes are due to copper ions diffusing from the center of the 

crystal to the surface.  Copper is likely substitutionally doped for indium cations during 

synthesis, given the lattice contraction in the XRD pattern, though the irregularities in the 

pattern suggest that the unit cell is not contracting symmetrically.  Subsequent lattice 

expansion and appearance of copper in the XPS spectrum indicates that copper diffused 

through interstitial sites to the particle surface.  Electronic absorbance spectra are consistent 

with a change in the coordination of the Cu2+ ions,91 though the precise coordination is very 

difficult to accurately identify.  Cu2+ is well known to take many distorted octahedral 

coordinations, and it is often difficult to assign to a specific stereochemistry based on the 

absorption energy.76,92  To the best of our knowledge, very few reports of copper doped 

bixbyite structures have been published.93  Copper diffusion has long been studied in bulk 

semiconductors, much less, however, in oxide nanomaterials.   
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Figure 2.5.  Characterization of Cu: In2O3 nanocrystals.  a) Pictures of the purified 

nanocrystals dispersed in hexanes.  From left to right, the nanocrystals the same day of 

synthesis, two days after synthesis, and two weeks after synthesis.  The final vial shows a 

concentrated solution of the nanocrystals two weeks after synthesis.  The optical 

absorbance spectra of these solutions are shown in b).  Panel c) XRD spectra of the doped 

nanocrystals two days (blue) and two weeks (green) after synthesis.  The spectra of bulk 

In2O3 and undoped In2O3 are shown for reference.  d) XPS spectra of the Cu 2p region 

immediately (red) and two days (blue) after synthesis.  The spectra indicate copper is 

diffusing towards the nanocrystal surface.  

 

Conclusion  

Precise control of doped nanocrystal composition and structure is critical to the 

development and understanding of their important optical, magnetic, catalytic, and 

optoelectronic properties.  Herein we synthesized substitutionally-doped Mn: In2O3, Fe: 

In2O3, Co: In2O3, Cu: In2O3, and Zn: In2O3 nanocrystals with dopant concentrations as high 

as 20%.  Nanocrystal dopant concentration was controlled simply by the precursor feed 

ratio, allowing the logical preparation of compositions without the need for tedious trial 

and error. Dopant incorporation efficacy exceeded 90% for all dopants except for copper, 

which ranged from 67-92%, depending upon the feed ratio. Empirically selecting metal 

precursors was not necessary, and metal oleates of both host and dopant cations were used 

as metal precursors. This is made possible because the synthetic approach relies on the 

metal-catalyzed esterification of metal carboxylates, not thermal decomposition, and 

growth proceeds in a highly controlled, slow manner.  The slow-growth approach allows 
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concentration of both host and dopant cation to be constant over time, ensuring that dopant 

cations are homogeneously distributed throughout the nanocrystal.  That copper could be 

incorporated into the In2O3 lattice, despite its propensity to segregate to the nanocrystal 

surface, demonstrates the level of kinetic control of dopant incorporation offered by the 

living growth synthesis.  Wide band-gap oxides, like In2O3, allow ligand-field transitions 

from dopant cations to be easily observed.  We utilized these optical features, elemental 

composition analysis by ICP-OES and XPS, and XRD analysis, to confirm that dopants 

were substitutionally doping for In3+ cations.     

The slow-addition approach allows the layer-by-layer growth of nanocrystals, 

resulting in precise control of composition as crystal growth continues and enhanced size 

control of doped and undoped structures.55  This opens up the possibility for the logical 

synthesis of graded nanostructures and the radial localization of dopants to specific 

locations within the nanocrystal.  Additionally, co-doping or adding multiple dopants into 

the same nanocrystal, within the same or different radial location, open up a new range of 

property exploration and optimization.  The synthetic approach should be amenable to 

other transition metal dopants (and matrix oxides), beyond those we report here, at large 

dopant concentrations and with high, near 100% efficacy.  The ability to prepare highly-

doped nanoscale structures without rigorous optimization will not only decrease the time 

and resources for the production of materials but also aid in understanding and utilizing 

properties found from new structures. 
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Methods and Materials 

Materials 

Indium(III) acetate (99.99%), manganese(II) acetate (98%), copper(II) acetate 

(98%), iron(III) acetylacetonate, zinc(II) acetate, oleic acid (90% technical grade), were 

purchased from Sigma Aldrich and used as received. Oleyl alcohol (80−85% technical 

grade) was purchased from Alfa Aesar and used as received. A flow meter Cole-Parmer 

(model 03216−10) was used to monitor nitrogen flow.  

Characterization of Transition-metal Doped Indium Oxide Nanocrystals: 

Small angle X-ray scattering (SAXS) analysis was done on a lab-scale SAXS 

(SAXSess, Anton Paar, Austria). The system was attached to an X-ray generator equipped 

with a X-ray tube (Cu Kα X-rays with wavelength λ = 0.154 nm) operating at 40 kV and 

50 mA. The raw data was processed with SAXSquant software (version 2.0), and scattering 

curves were averaged over 50 individual acquisitions for various acquisition times (.5-10s). 

Curve fitting was done using Irena macros for IGOR (V. 6.3).94  

Transmission electron microscopy (TEM) images and electron diffraction patterns 

were collected on 400 mesh Cu grids (Ted Pella, Redding, CA) using a Tecnai Spirit TEM 

(FEI, Hillsboro, OR) operating at 120 kV. Samples were prepared by dipping the grid into 

a dilute solution of particles. Images were analyzed using ImageJ software.95  

Elemental compositions of the nanocrystal cores were determined using a Teledyne 

Leeman Labs (Hudson, NH) Prodigy High Dispersion Inductively Coupled Plasma Optical 

Emission Spectrometer (ICP-OES).  Nanocrystals were dried and digested in stock nitric 

acid for at least 48 hrs before being diluted for analysis.  Surface composition by X-ray 
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photoelectron spectroscopy (XPS) was acquired using a Thermo Scientific ESCALAB 250 

X-ray photoelectron spectrometer. Samples were prepared by drop-casting a hexane 

solution of nanocrystals on mica substrates.  

X-ray diffraction (XRD) was carried out on a Rigaku Smartlab instrument using 

Bragg Brentano geometry and Cu Kα radiation.  A step size of 0.01o and collection speed 

of 0.1 degrees/min was utilized over a range of 20-70 2θ.  Rietveld refinement was 

conducted on the collected patterns using Fullprof Suite.71  

Optical absorbance data was collected with a Perkin Elmer (Waltham, MA) 

Lambda 1050 UV/Vis/NIR Spectrometer.  Samples were dispersed in hexanes and data 

were collected at room temperature. 

Fourier-transform infrared (FTIR) spectra on the nanocrystals were obtained using 

a Thermo Fisher Nicolet 6700 spectrometer.  Samples were deposited form a hexanes 

solution and pressed into a KBr pellet.  

Synthesis of Transition-metal Doped-Indium Oxide Nanocrystals: 

 Samples were prepared as described previously.56 One mmol metal carboxylate 

solutions were prepared by mixing indium(III) acetate and the appropriate metal dopant 

salt with 2 mL of oleic acid in a 20 mL glass scintillation vial.  The vial was then heated to 

150°C in an oil bath under N2 for at least one hour to generate a metal-oleate precursor 

solution.  For the Fe doped precursor, the solution was allowed to sit at 190°C for at least 

an hour. The as-prepared precursor solution was added dropwise (0.35 mL/min) to a three-

neck 100 mL flask containing 13 mL of oleyl alcohol heated to 290°C. The precursor 

solution was added using a syringe pump fitted with a 20 mL syringe. During addition, N2 
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was flowing through the flask at a rate of 120-130 cc/min. All three necks of the flask were 

capped with septa, and three 16-gauge purge needles were placed in one of the necks with 

a small amount of Kimwipe in the purge needles to prevent water reintroduction into the 

flask.  

 After synthesis, the nanocrystal solution was allowed to sit at reaction temperature 

for 5 minutes under N2 flow, after which the solution cooled to room temperature.  To 

isolate the nanocrystals, 30 mL of ethanol was added to precipitate the nanocrystals.  The 

nanocrystals were  isolated by centrifugation at 7300 rpm for 10 minutes.  The product was 

washed twice more with ethanol and collected by centrifugation. The washed nanocrystals 

were then dispersed in hexanes.  The solution of nanocrystals was then centrifuged at 7000 

rpm for one minute to remove any insoluble material.  After purification, typical yield of 

doped nanocrystal was > 100 mg (~90% yield). 
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Bridge to Chapter III 

 The continuous addition synthesis allows for stoichiometric dopant incorporation, 

with the dopant concentrations easily tuned and controlled in through the precursor 

composition. The slow, layer-by-layer growth of the nanocrystals allows for the dopant 

atoms incorporate and remain homogeneously distributed. This control over dopant 

incorporation, as well as control over nanocrystal growth, allows for the systematic study 

of size-property relationships of doped-metal oxide nanocrystals. Chapter III demonstrates 

this approach with Sn-doped In2O3, and correlates the nanocrystal size to the optoelectronic 

properties. The study demonstrates the first example of size tuning for Sn-doped In2O3 

nanocrystals, where all sizes are produced from a single continuous reaction, and the 

dopant incorporation is stoichiometric and homogeneously distributed across the size 

series. 
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CHAPTER III 

 

THE INFLUENCE OF NANOCRYSTAL SIZE ON OPTOELECTRONIC 

PROPERTIES OF THIN, SOLUTION CAST Sn-DOPED In2O3 FILMS 

 

This chapter will be published in the forthcoming publication co-authored with Adam W, 

Jansons, Kristopher M. Koskela, Meredith C. Sharps, Darren W. Johnson, and James E. 

Hutchison. I am the primary author and lead scientist on experimental data collection and 

analysis. 

Introduction 

Transparent conducting oxides (TCOs) are vital as thin film electrode materials for 

many modern electronic devices such as flat panel displays, touch screens, solar cells, and 

energy efficient windows.1–6 Commercially available TCO thin films are produced via 

vacuum deposition, which currently yields the best combination of electrical, optical, and 

physical properties.7–10 However, vacuum deposition suffers from several limitations: over 

70% of the deposition source is wasted because it is deposited onto the chamber walls,2,11 

vacuum-deposited TCOs are brittle and incompatible with electronics that are flexible, 

stretchable, and wearable,12–15 and the deposition conditions can damage soft 

optoelectronic materials such as perovskites used in solar cells.16–18 Solution processing is 

a promising approach to address these limitations while reducing processing costs and 

increasing substrate compatibility. This approach is adaptable to industrial roll-to-roll 

production and inkjet processing, compatible with hard and soft substrates, and employable 

in direct-write applications that eliminate the need for lithographic patterning. Such 



41 

 

processes can reduce manufacturing costs and eliminate waste.11,19–21 Solution processed 

TCO films have been successfully produced via several approaches including sol-gels,22–

25 inorganic nanoclusters,26,27 and colloidal nanocrystals.7,28–30  

Colloidal nanocrystals are of particular interest for TCO thin films because, 

compared to other approaches, they contain relatively low carbon and salt contamination, 

the films are fully crystalline upon deposition, and their surface chemistries can be made 

compatible with a variety of polar and nonpolar solvent systems. Although a number of 

studies have focused on altering ligand and surface chemistry of the TCO nanocrystals to 

improve thin film electronic properties, it is not clear how nanocrystal size affects thin film 

properties such as resistivity and optical transparency. Here, we investigate the influence 

of nanocrystal size on the optoelectronic properties of solution-processed thin films, using 

a series of colloidal Sn-doped In2O3 (ITO) nanocrystals all synthesized under the same 

reaction conditions, that are uniform and evenly doped across the series. 

Low thin film resistivity and high optical transparency are the most important 

figures of merit for TCO materials. Although nanocrystal size may be expected to influence 

resulting TCO thin film properties, the dependence on nanocrystal size is relatively 

unexplored. A survey of the literature reveals only two studies examining the effects of size 

in ITO nanocrystals, the most commonly reported TCO nanocrystal system. Thin film 

resistivity was found to trend non-monotonically,31 or show no correlation32 with respect 

to nanocrystal size; no trends were reported on optical transparency. These findings 

contrast with those reported in the literature for semiconducting nanocrystals, where there 

is general agreement that an increase in nanocrystal size results in a decrease in film 

resistivity.33–38 For semiconducting nanocrystals, the observed trend is attributed to a 
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synergy of multiple size-dependent factors such as: electron transfer activation energy, 

reduction of interfacial scattering boundaries, packing density, surface charge distribution, 

and capacitive charging. These size-dependent factors should also apply to TCO 

nanocrystals. 

Although there are no quantitative size comparisons in the TCO nanocrystal 

literature, there are a number of reports describing solution-processed, colloidal ITO 

nanocrystal thin films. We compiled results from 13 of the most-cited ITO nanocrystal thin 

film studies and plotted the values reported for thin film resistivity as a function of 

nanocrystal size (Figure 3.1). 

 

Figure 3.1. Thin film resistivity plotted as a function of nanocrystal diameter for ITO films 

reported in the literature. The plot shows no general correlation between nanocrystal 

diameter and thin film resistivity. Studies compared include Ephram et al.39 (black square), 

Chen et al.40 (red circle), Garcia et al.41 (blue triangle), Lee et al.42 (green triangle), 

Khoshkoo et al.32 (pink triangle), Ederth et al.8 (orange triangle), Ito et al.43 (blue diamond), 

Lounis et al.44 (red pentagon), Ba et al.45 (pink hexagon), Diroll et al.46 (green star), Song 

et al.28 (blue circle), Bühler et al.47 (orange square), and Yarema et al.48 (black circle). 

 

The results displayed in the figure suggest that there is no correlation between 

nanocrystal size and film resistivity.  The resistivity values span three orders of magnitude 

for nanocrystals with diameters between 6 – 25 nm. For the narrower size window around 

10 nm, a relatively common size, there is more than an order of magnitude spread in the 
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resistivity data. The unexpected spread in the data may be the result of the differences in 

synthetic approaches and parameters used to form the nanocrystals. In the studies from 

Figure 3.1, nanocrystals were synthesized over a wide range of temperatures (200 to 

320 °C), and using metal precursors (carboxylates,32,46 halides,39–42,44 and alkoxides28,43,45) 

with distinctly different reactivities. Additionally, metal-oxygen bond formation was 

induced from a variety of chemical mechanisms including thermal decomposition,39,41–

44,46,48 precipitation under basic conditions,40,47 and condensation pathways such as 

amidification.28,32 The synthetic variations used to produce the nanocrystals in Figure 3.1 

affect properties such as nanocrystal size, dopant incorporation, and surface chemistry in 

non-trivial ways. Thus, it is currently impossible to make comparisons and draw 

conclusions from the literature on size-property trends for the ITO nanocrystals. 

The wide range of synthetic conditions used to prepare the nanocrystals in Figure 

3.1 are also expected to impact the defect and dopant chemistry in the nanocrystals, from 

which all of the optoelectronic properties arise. In 2014, Lounis et al.44 discovered that ITO 

nanocrystals synthesized from two literature methods displayed different dopant 

distributions and activations, resulting in an order of magnitude difference in thin film 

resistivity between the two samples. More recently, our group,49 as well as Tandon,50 and 

Zhou,51 observed that nanocrystals with surface-segregated dopants display different 

optoelectronic properties compared to homogeneously-doped nanocrystals. Nanometer-

scale dopant segregation within ITO nanocrystals determines the local electronic structure 

and ultimately influences intraparticle electron mobility as well as thin film resistivity, 

often by orders of magnitude. Dopant segregation has only recently been measured in 

nanocrystals, which raises questions about how varying dopant distribution may have 
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affected the observed materials properties in previous reports (such as many shown in 

Figure 3.1). 

The development of a discrete size-ladder for TCO nanocrystals has not been 

demonstrated, because of several synthetic challenges. Although a few size-tunable 

syntheses for TCO NCs have been reported,52–55 the examples cover a narrow range. 

Nanocrystal size is generally tuned through optimized synthetic adaptations in reaction 

temperature, surfactant identity, or precursor reactivity, which affect nanocrystal size in 

unintuitive and unpredictable ways. Additionally, changing synthetic variables as described 

also impacts the dopant distribution and defect chemistry, rendering direct size-property 

comparisons meaningless.  

In order to elucidate size effects on TCO nanocrystal thin film properties (such as 

resistivity and optical transparency), a synthetic approach is needed that (i) produces a 

defined nanocrystal size ladder, (ii) utilizes the same reaction conditions for each 

nanocrystal size produced, (iii) produces a consistent level of defects, and (iv) incorporates 

dopant atoms uniformly at all sizes. To this end, we developed a continuous injection, 

living growth, low-temperature (< 300 °C) nanocrystal synthesis that utilizes the same 

chemistry during the production of all sizes, and produces nanocrystals with homogeneous 

doping at all sizes examined.  

A series of seven Sn-doped In2O3 (ITO) nanocrystal samples from 5 – 21 nm in 

diameter are synthesized consecutively in this manner. The doping levels and distributions 

confirmed to be constant and homogeneous, respectively.  The nanocrystals are soluble (> 

100 mg/mL) in organic solvents, and the dispersions are shelf stable for over 1 year. The 

nanocrystal dispersions can be solution processed into smooth, crack-free thin films at all 
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sizes produced, the insulating ligands can be removed in situ, and the impacts of 

nanocrystal size on thin film optoelectronic properties are demonstrated.  

Results and Discussion 

Synthesis and Characterization of Sn-Doped In2O3 Nanocrystals 

To investigate the influence of nanocrystal size on thin film resistivity, a series of 

ITO nanocrystals were designed and prepared. Once synthesized, the size, size uniformity, 

doping level and dopant distribution were all analyzed to ensure that each sample has the 

desired composition and structure. The nanocrystals were then analyzed optically to 

determine their carrier concentrations. Next, uniform thin films of the nanocrystal 

dispersions were deposited, the insulating organic capping ligands removed, and the films 

annealed. Lastly, the thin films were optically and electrically characterized and compared 

across the series. 

The ITO nanocrystals are synthesized through a slow-injection, metal-catalyzed 

esterification reaction.49,56,57  A mixture of indium/tin oleate precursor (9:1 In:Sn, 12 mmol 

total) containing a six-fold molar excess of oleic acid was slowly injected (18 mL/min) into 

oleyl alcohol held at 290 °C. The reaction, shown in Scheme 3.1, proceeds in three steps: 

(1) the injected metal oleate precursor reacts with the oleyl alcohol to produce ester and 

metal hydroxide species, (2) metal hydroxides condense to form the metal oxide 

nanocrystals, (3) additional metal oleate precursor is added continuously allowing the 

nanocrystal growth to continue. Because the reaction proceeds by a continuous growth 

process, aliquots taken periodically during the reaction represent different core sizes. Seven 

samples, taken at different reaction times, comprise the nanocrystal size ladder. 

Nanocrystal samples were purified through anti-solvent precipitation, centrifugation, and 
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dispersion in a nonpolar solvent such as toluene.  This process was repeated several times 

to remove any impurities or unreacted starting material. All seven of the nanocrystal 

dispersions are a deep blue in color, indicating the incorporation of Sn4+ into the oxide 

lattice and the filling of the In2O3 conduction band with free electrons.58–60 The colloidal 

solutions are shelf stable for over a year. 

 

Scheme 3.1. Reaction mechanism for nanocrystal growth proceeds through a metal-

catalyzed esterification and subsequent metal-hydroxo condensation. Continuous addition 

of a metal carboxylate facilitates nanocrystal growth through additional surface 

condensation. 
 

 

Figure 3.2a-d displays TEM micrographs of the ITO nanocrystals. Each of the 

nanocrystals within the size ladder are single crystalline (evidenced by the lack of visible 

grain boundaries), uniform in size, and readily pack into extended arrays on the TEM grid. 

Powder XRD confirmed that the crystalline phase is cubic bixbyite In2O3 (ESI Figure B1), 

with no segregated SnOx phases present. The core diameter and size dispersity of purified 
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samples were analyzed via Small Angle X-Ray Scattering (SAXS), with the results plotted 

against amount of precursor added in Figure 3.2e. The nanocrystal sizes range from 5.3 nm 

to 21.5 nm in diameter, and exhibit low dispersities, ~ 15% for the 5.3 nm sample and < 

10% for all samples greater than 10 nm (Figure 3.2e). The nanocrystal volumes were 

calculated from the measured sizes and plotted versus amount of precursor added in Figure 

3.2f. There is a linear correlation between nanocrystal volume and the amount of metal 

oleate precursor added, indicating that the growth of the ITO nanocrystals is living.56,61,62 

  



48 

 

 

 

 

Figure 3.2. TEM micrographs and growth curves for the ITO nanocrystals within the size 

ladder, produced from one reaction pot, with growth proceeding linearly with volume 

added. TEM micrographs show nanocrystals with diameters of (a) 5.3 nm, (b) 10.7 nm, (c) 

14,5 nm, and (d) 21.5 nm. Scale bars are 50 nm. Nanocrystal growth curve (e) plots 

diameter versus amount of precursor added. The nanocrystal diameter (black squares) and 

dispersity (red circles) were measured by SAXS. Nanocrystal volume (calculated from the 

diameter measurements) plotted versus the amount of precursor added (f).  

The atomic compositions and dopant distribution profiles of the nanocrystals were 

analyzed using a previously reported approach44,49 to probe both absolute and surface 

dopant concentrations. Reports have shown that dopant distribution profiles have profound 

impacts on nanocrystal optoelectronic properties,29,44,49,53,63 and dopant distribution can 

affect thin film resistivity by over an order of magnitude;44 therefore it is imperative to 

determine the nanocrystals’ dopant distribution profiles and ensure that they are consistent 

across the series to be examined. The absolute dopant concentration was determined via 
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inductively-coupled plasma optical emission spectroscopy (ICP-OES) performed on a 

small sample of each nanocrystal digested in HCl. The results for the absolute Sn atomic % 

(relative to total metal) are shown in Table 3.2. The surface dopant concentration was 

determined via X-Ray photoelectron spectroscopy (XPS) performed on a dropcast sample 

for each size, and reported as % Sn relative to total metal content in Table 3.2.  

Table 3.1. Bulk and surface dopant concentrations (Sn %) determined by ICP-OES and 

XPS, respectively. The feed ratio was determined by the ratio of In:Sn oleate used in the 

injected precursor. The fact that both ICP-OES and XPS (which measures the nanocrystal 

bulk and surface Sn concentrations, respectively) agree with the feed ratio suggests that 

doping is stoichiometric and homogeneously distributed. 

 

Size Sn % 
(nm) Feed ratio* ICP-OES XPS 
5.3 10.0   9.8 ± 0.1 10.0 ± 0.7 
7.1 10.0 10.2 ± 0.1   9.9 ± 0.7 

10.7 10.0 10.7 ± 0.1 10.2 ± 0.3 
12.8 10.0 10.6 ± 0.1 10.1 ± 0.7 
14.5 10.0 10.1 ± 0.1 10.3 ± 0.4 
16.7 10.0   9.9 ± 0.1 10.4 ± 0.5 

21.5 10.0 10.4 ± 0.1 10.8 ± 0.5 
 

The XPS analysis probes the surface atomic composition to a depth of ~3-4 nm in 

the In2O3 lattice.44,49 By comparing the ICP-OES and XPS data, the local distribution of 

dopant atoms can be deduced. From the data shown in Table 3.2, the bulk Sn atomic % 

measured from ICP-OES is in agreement with the surface Sn atomic % measured by XPS, 

as well as the feed ratio at all sizes synthesized. This agreement between the ICP-OES and 

XPS measurements, as well as with the feed ratio, indicates that the nanocrystals 

stoichiometric and homogeneous doping at all sizes. Therefore, the optoelectronic 
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properties of prepared thin films from this series will not the result of inhomogeneous 

doping. 

TCO nanocrystals require a high carrier concentration to be electrically conductive. 

We also need to ensure the carrier concentrations are consistent across the series so that 

when thin film resistivities are compared, only the effects of size are being observed. 

Carrier concentration in TCO nanocrystals can be determined optically from the localized 

surface plasmon resonance (LSPR) frequency in their NIR spectra using the relationship 

in Equation 1: 

𝜔𝑝 = √
𝑁𝑒𝑒2

𝑚∗𝜀𝑜
      (1) 

where ωp is the bulk plasma frequency, Ne is the free carrier concentration, e is the 

elementary charge, m* is the effective mass, and εo is the permittivity of free space. The 

NIR spectra are shown in Figure 3.3a. 
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Figure 3.3. NIR spectra of ITO nanocrystals, and the free electron concentrations and 

damping values extracted from the NIR spectra. The NIR spectra (a) show a blue shift in 

the LSPR and a decrease in linewidth at increasing nanocrystal sizes. Plot (b) shows that 

the free electron concentration increases with an increase in nanocrystal diameter, while 

damping decreases. Error bars are taken from the fitting parameters. 

The LSPR peaks in Figure 3.3a shift to shorter wavelengths (blue shift) and 

decrease in linewidth as nanocrystal size increases. Because the elemental composition and 

dopant distributions are equivalent across the series (Table 3.2), the observed spectral 

changes can be attributed to size alone. The blue shift in the LSPR suggests an increase in 

carrier concentration (Equation 1), whereas the decrease in linewidth indicates a decrease 

in LSPR damping.64,65 The spectra can be analyzed with the Drude model to extract the 
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carrier concentration and LSPR damping values,44,49,66 (see ESI for an example analysis). 

The carrier concentrations and damping values for the LSPR spectra are plotted versus 

nanocrystal diameter in Figure 3.3b. The carrier concentrations increase by about 10% as 

nanocrystal diameter increases, and the damping values decrease by 1000 cm-1. Both of 

these trends are consistent with the spectral shifts and peak width changes seen in Figure 

3.3a. 

The observed increase in carrier concentration and decrease in damping can both 

be attributed to geometric factors.  Similar effects have been recently reported for Cr/Sn 

doped In2O3 by Tandon et al.50 The decreased surface area-to-volume ratio found at larger 

nanocrystal dimensions reduces the number of dopant atoms that are in inactive trap states 

at the surface and less damping of the LSPR through scattering of electrons by dopant 

atoms near the surface. The lower percentage of Sn atoms at the surface, relative to those 

in the core, results in a greater percentage of Sn atoms contributing electrons to the In2O3 

conduction band, and at sufficiently large sizes the carrier concentration will plateau. 

Damping has been previously shown to be a strong indicator for electrical performance for 

doped In2O3 nanocrystal thin films, with decreases in plasmonic damping correlating with 

significant increases in electron mobility53 and reduction in thin film resistivity.44 Reducing 

LSPR damping is a fundamental design criteria for TCO nanocrystal thin films, and we 

hypothesize that the larger nanocrystals will exhibit significant decrease in thin film 

resistivity. 

Preparation and Analysis of Sn-Doped In2O3 Nanocrystalline Thin Films. 

The oleate ligands that cap the surface of the nanocrystals introduce significant 

insulating barriers between the nanocrystals, thus, removing the ligands is crucial to 
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improving electronic conduction. Thermogravimetric analysis (TGA) of our nanocrystal 

samples (ESI Figure B2) confirmed that all ligands are lost by 400 °C. This processing 

temperature is too high to be compatible temperature-sensitive materials. A lower 

temperature (≤ 300 °C) is typically desired, especially for soft substrates. To adapt these 

fatty-acid stabilized nanocrystals for lower temperature processing, we tried an in situ  

ligand exchange with formate ligands, previously demonstrated by Zarghami67 for thin 

films of PbS or Fe2O3 nanocrystals. A dispersion of 10 mg of ITO nanocrystals (12.8 nm) 

dissolved in 1 mL of hexanes was added to a 1 M solution of formic acid in acetonitrile, 

leading to rapid precipitation of the nanocrystals. TGA analysis of the precipitate showed 

that all mass was lost by 300 °C (Figure B2), indicating that the ligand exchange was 

successful and suggesting this method will be useful for the nanocrystals in this study. 

Thin film samples were prepared with oleic acid-stabilized ITO nanocrystal 

dispersions (50 mg/mL in toluene) deposited via spin-coating. IR-transparent Si substrates 

were used so that the ligand exchange could be monitored via FT-IR. The thin films were 

soaked in a 1M formic acid/acetonitrile solution for the ligand exchange. FTIR spectra 

(shown in Figure 3.4a) were taken periodically to monitor the ligand exchange. The oleate 

ligand C-H stretches absorb prominently at 2925 cm-1 and 2850 cm-1 in the as-deposited 

films (Figure 3.4a black trace). A reduction in the intensity for the C-H stretches was 

observed upon soaking in the formic acid solution, indicating the ligand exchange was 

successful (Figure 3.4a inset). Beyond 60 minutes there was no further reduction in ligand 

C-H intensity.  Similar results were also found for the 5.3 nm and 21.5 nm samples. All 

samples used for evaluation of the thin film properties were ligand exchanged for 60 

minutes using this approach. 
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Figure 3.4. Monitoring ligand exchange of oleate ligands with formic acid and film 

annealing via FT-IR and SEM analyses. FT-IR spectra (a) of ITO nanocrystal thin films 

shows decrease in oleate C-H stretches over time as ligand exchange progresses. SEM 

micrograph (b) of the nanocrystal film surface after formic acid exchange illustrating the 

film is uniform, and crack- and defect-free, scale bar is 500 nm. 

After ligand exchange, thin films were annealed under a reducing atmosphere of 

5:95 H2:N2 mixture9,42  at 300 °C for 1 h to 6 h to remove remaining organic material from 

the film. The temperature was selected based upon the TGA collected in Figure B2. FTIR 

spectra were taken during the annealing process (ESI Figure B3) to determine the length 

of the annealing period.  Upon annealing for 1 h, the plasmon shifts to approximately 3200 
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cm-1. The shift in the plasmon suggests increased electron correlation between the 

nanocrystals in the film,41 indicating the free electrons are no longer localized to individual 

nanocrystals and should conduct well. The plasmon remains relatively unchanged for 

annealing times from one hour up to six hours.  Thus, all samples for subsequent analysis 

were annealed for one hour. 

The surfaces of the thin films were examined with scanning electron microscopy 

(SEM) to look for any defects such as voids and cracks that may have been induced by the 

ligand exchange and annealing processes. A representative top-down SEM micrograph is 

shown in Figure 3.4b, revealing the film to be void and crack-free over an area greater than 

1 μm2 after the processing steps were performed. 

Nanocrystal thin films were prepared for each size reported earlier from 5.3 to 21.5 

nm on 2 x 2 cm glass slides for cross-sectional SEM analysis and UV-Vis transmittance 

measurements. Each sample was ligand exchanged and annealed as previously described. 

To determine film thicknesses, cross-sectional images were taken with SEM. Figure 3.5a, 

5b, and 5c, show the results for the nanocrystals with diameters 5.3 nm, 12.8 nm, and 21.5 

nm, respectively. The thin films are approximately 150 nm thick for each of these three 

samples. Individual nanocrystals can be resolved in the SEM images and are about the size 

expected, indicating that there is not significant sintering of the nanocrystals during the 

thermal processing. Additionally, the thin films are smooth and void of defects after ligand 

exchange and thermal processing. Figure 3.5d displays the UV-Vis spectra for the samples 

shown in Figure 3.5a - 5c. The nanocrystal films display greater than 90% transmittance 

from 450 – 900 nm compared to the bare glass substrates (Figure 3.5d), and the 

transmittances are comparable to vacuum deposited films.  These films have transmittance 
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that is comparable to vacuum deposited films.7–10 Although there is a slight decrease in 

transmittance in the 325 – 600 nm range with the larger nanocrystals, the 21.5 nm 

nanocrystals still transmit ~ 95 % relative to the glass substrate. 

 

 

Figure 3.5. SEM film cross-sections and UV-Vis spectra for nanocrystal thin films 

highlighting thin film morphology and optical transmittance with respect to diameter. SEM 

film cross-sections for (a) 5.3 nm, (b) 12.8 nm, and  (c) 21.5 nm  samples, illustrating that 

the thin films are smooth and crack-free; scale bars are 100 nm. Individual nanocrystals 

can be resolved, indicating there is little to no sintering of the nanocrystals during thermal 
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treatment. UV-Vis spectra of the nanocrystal thin films (d) from sample sizes of (black) 

5.3 nm, (red) 12.8 nm, and (blue) 21.5 nm, along with the SiO2 substrate (dashed). The 

nanocrystal thin films display transmittance > 95% for all samples. 

 

 Three thin film samples were prepared for each nanocrystal size in the series. After 

deposition on SiO2/Si substrates, the ligands were removed by formic acid ligand exchange 

and each sample annealed as described above. I-V measurements were taken with a 4-pt 

probe. The resistivity values were calculated from the linear I-V curves and the film 

thicknesses as measured by cross-sectional SEM. Resistivity values are plotted as a 

function of nanocrystal diameter in Figure 3.6a. 
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Figure 3.6. Thin film resistivity and nanocrystal coulombic charging energy (EC) plotted 

versus nanocrystal diameter. Thin film resistivity (a) is shown to decrease as nanocrystal 

size increases, error bars are the standard deviation from three samples for each diameter. 

EC values (b) are calculated from Equation 3 and are inversely proportional to nanocrystal 

diameter. 

 

Figure 3.6a displays a decrease in thin film resistivity as nanocrystal size increases. 

In fact, resistivity drops by an order of magnitude between the 5.3 nm and the 21.5 nm 

samples, from 5.0•10-2 Ω-cm to 4.5•10-3 Ω-cm, respectively. Interestingly, there seem to 

be two linear regions in Figure 3.6a that intersect at around 14 nm. Electronic conduction 

through nanocrystalline media is well known to proceed through an activated hopping 

process.36,37,68–70 Therefore, the decrease in resistivity shown in Figure 3.6 reflects a 

decrease in the activation energy required for electron hopping, and the two separate linear 

regions from Figure 3.6 may have different size-dependencies for their activation energies.  

The activation energy is a combination of many factors including spacing between 

hopping sites (generally determined by ligand length), electronic coupling energy between 

adjacent nanocrystals, coulombic charging, and the density of barriers present in the 

nanocrystalline film.36,37,68 Electronic coupling energy is generally low relative to kBT,36 

with coulombic charging and grain boundary density presenting the largest energy barriers 

to electronic conduction.31,37,69,71 The relationship between coulombic charging (EC) and 

nanocrystal diameter (d) is given by Equation 336,68,71,72 

𝐸𝐶 =
𝑒2

2𝜋𝜀𝑚𝜀𝑜𝑑
      (3) 

 

where e is the elementary charge, εm is the dielectric constant of ITO (4),49 and εo is the 

permittivity of free space. Figure 3.6b shows the calculated values for EC for the 
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nanocrystal series. Interestingly, above approximately 14 nm in diameter EC is larger than 

kBT at room temperature (25.7 meV), indicating that for sizes above 14 nm there is 

sufficient thermal energy to overcome the energetic cost of coulombic charging.35–37,68 This 

is likely the cause for the two linear regions in Figure 3.6a; above 14 nm, film resistivity is 

no longer dictated by EC and thus the rate of decrease for resistivity with respect to size 

lowers. Thus, a key strategy to enhance conductivity in ITO nanocrystal thin films is to 

employ nanocrystals larger than 14 nm to avoid the coulombic charging barrier. Above 14 

nm the thin film resistivity continues to marginally decrease, and this must be due to other 

factors such as grain boundary scattering and barrier density. 

The other major component in the activation energy to electronic conduction is 

grain boundary scattering,73–76 and the literature suggests that reducing the grain boundary 

density (and thus the interface density) increases electron mobility and lowers thin film 

resistivity. While it is not viable to explicitly measure interface density and scattering 

within a film, we can measure the packing densities of the nanocrystal thin film using 

ellopsometry.42 The calculated packing densities can then be compared with known 

packing geometries and their average coordination numbers; this comparison can yield an 

average range for interface density as a function of nanocrystal size. First, to calculate the 

packing densities, the refractive indices of the nanocrystalline thin films were measured 

from ellipsometry. The packing densities were then calculated42 and plotted in Figure 3.7a.  
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Figure 3.7. Packing densities of the nanocrystals (a) were determined via ellipsometry and 

plotted with respect to nanocrystal diameter. All nanocrystal sizes exhibit packing densities 

between 60–70%, in agreement with randomly-packed spheres. Calculated interface 

densities (b) plotted against nanocrystal diameter, using common sphere packing 

geometries of simple cubic (SC, black squares), body centered cubic (BCC, red circles), 

and face centered cubic (FCC, blue triangles). Grain boundary density is calculated to 

decrease exponentially with respect to nanocrystal size, regardless of packing efficiency or 

coordination number. 

 

 

A slight increase (~3%) in packing is observed from the smallest to the largest 

nanocrystals, however all of the packing density values fall between 60 and 70%, which is 

the generally accepted range for randomly packed spheres.77–81 Comparisons of the data in 

Figure 3.7 with other known packing geometries can give better insight into the range of 
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interface densities present in the nanocrystalline films. For close packed systems, the 

interface density can be calculated using the unit cell dimensions and coordination number 

(see ESI for example calculation).  

Figure 3.7b plots the calculated interface densities of common close-packed 

geometries with respect to the nanocrystal diameters of the size series. Interestingly, 

interface density doesn’t strongly depend on packing geometry, but significantly depends 

upon nanocrystal size. The effects of interface density reduction on thin film resistivity can 

be observed without the coulombic influence by examining the data from Figure 3.6 where 

EC is below kBT. The resistivity trend continues to decrease at the larger nanocrystal sizes, 

albeit at a slower rate. This gives evidence that EC is the larger contributor to the activation 

energy, but both EC and the interface density minimization are required for future 

improvements in thin film performance. 

Conclusions 

We have shown that ITO nanocrystals can be synthesized, utilizing the same chemical 

pathway, over a size range of 5 – 21 nm through a layer-by-layer continuous growth 

method. Seven different nanocrystal sizes were produced from the same reaction, and the 

nanocrystals exhibit dopant incorporation that is stoichiometric and homogeneously 

distributed at all sizes produced. The nanocrystals were solution deposited into smooth, 

defect free films, and displayed high transmittance (> 95%) with respect to SiO2 at all 

nanocrystal sizes. The thin films were ligand exchanged in situ in order to reduce thermal 

treatment requirements. Thin film resistivity was found to decrease by an order of 

magnitude as nanocrystal size increased from 5.3 to 21.5 nm in diameter. 
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We concluded that the observed decrease in thin film resistivity with increasing 

nanocrystal size is attributed to several, size-dependent factors including a reduction in 

coulombic charging energy (EC), a reduction in plasmonic damping (which is related to 

intraparticle electron mobility), and a reduction in interface density. The trends observed 

indicate that for nanocrystals below 14 nm in diameter, a reduction in EC had the largest 

influence on reducing resistivity. For all sizes above 14 nm in diameter, EC was calculated 

to be above kBT and was no longer influential in the size-resistivity correlation. However, 

at the sizes above 14 nm, marginal gains in electrical performance were still present, and 

were due to the reduction in interface density as nanocrystal diameter is increased. 

Interestingly, resistivities comparable to the lowest values reported herein have been 

achieved at nanocrystal size below 14 nm,42,43 indicating that additional activation energies 

aside from EC can be minimized to enhance thin film performance.  The literature currently 

suggests that the activation barrier to electron transfer between oxide nanocrystals can also 

be lowered through defect engineering,53 dopant distribution,44 and tuning surface 

depletion widths.29 Coupling those strategies with size control (to minimize interface 

density and EC) should enable TCO nanocrystal thin film electrical properties to approach 

those of vacuum-deposited thin films.  

Materials and Methods 

Materials 

Indium(III) acetate (99.99%), oleic acid (90% technical grade), and tin(IV) acetate 

were purchased from Sigma-Aldrich and used as received. Oleyl alcohol (80-85% technical 
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grade) was purchased from Alfa Aesar and used as received. A flow meter purchased from 

Cole-Parmer was used to monitor nitrogen flow. 

Synthesis of Indium Oxide Nanocrystals 

The synthesis followed a similar procedure as reported in literature.49,56,57 A 10 

molar percent Sn-doped Indium oleate solution was prepared by adding 0.075 mmol Sn(IV) 

acetate to 6.75 mmol In(III) acetate with 15 mL oleic acid. The solution was kept at 160 

oC for several hours under N2 to produce a Sn-dopled indium oleate solution with a 

concentration of 0.5 mmol metal/mL oleic acid.  The metal oleate solution obtained was 

then added dropwise to 13.0 mL of oleyl alcohol heated to 290 oC in a 100.0 mL three-

neck flask.  The oleate solution was added using a 20 mL syringe and syringe pump at a 

rate of 0.35 mL/min. During addition, N2 was flowing through the flask at a rate of 130 

cc/min.  All three necks of the flask were capped with septa, and three 16-gauge purge 

needles were placed in one of the necks to prevent pressure buildup.  

For the synthesis of ITO NCs of varying size, various amount of precursor solution 

was added to the flask.  For the synthesis of 5.3, 7.1, 10.7, 12.8, 14.4, 16.4, and 21.5 nm 

NCs, 0.75, 1, 2, 3, 4, 6, and 12 mmol of metal oleate solution was added, respectively. 

Excess oleyl alcohol (13 mL) was added dropwise to the reaction flask at a rate of 0.24 

mL/min after half of the metal oleate solution had been added. After synthesis, the NCs 

were precipitated with 12 mL ethanol.  The solid was collected by centrifugation (7300 

rpm), dispersed in hexanes, and washed once more with 12 mL ethanol. The purification 

procedure was repeated two additional times.  
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Characterization of Indium Oxide Nanocrystals 

Small-angle X-ray scattering (SAXS) analysis was done on a lab-scale SAXS 

(SAXSess, Anton Paar, Austria).  The system was attached to an X-ray generator equipped 

with a X-ray tube (Cu Kα X-rays with wavelength λ = 0.154 nm) operating at 40 kV and 

50 mA.  The scattered X-ray intensities were measured with a charge-coupled device 

(CCD) detector (Roper Scientific, Germany).  The raw data were processed with 

SAXSquant software (version 2.0).  Scattering curves were averaged over 50 individual 

curves for various acquisition times (2-40s).  Curve fitting was done using Irena macros 

for IGOR (V. 6.3).82 The SAXS was calibrated to absolute intensity using 18.2 MΩ water 

as a standard. Transmission electron microscopy (TEM) images were collected on 400 

mesh Cu grids (Ted Pella, Redding, CA) using a Tecnai Spirit TEM (FEI, Hillsboro, OR) 

operating at 120 kV.  Samples were prepared by dropcasting a toluene solution directly 

onto a copper grid. Bulk elemental compositions the nanocrystal cores were determined 

using a Teledyne Leeman Labs (Hudson, NH) Prodigy High Dispersion Inductively 

Coupled Plasma Optical Emission Spectrometer (ICP-OES). Nanocrystals were dried and 

digested in stock HCl for at least 48 hrs before being diluted for analysis. Elemental 

composition for the surface of the nanoparticles was determined using a Thermo Scientific 

ESCALAB 250 X-ray Photoelectron Spectrometer (XPS). Samples were prepared by 

dropcasting a hexanes solution onto mica substrates. Surface tin content was determined 

by integrating the tin 3d5/2 peaks and comparing those intensities to those of the indium 

3d5/2 peaks. Optical measurements were carried out on a PerkinElmer (Waltham, MA) 

Lambda 1050 UV/Vis/NIR Spectrometer. Spectra were collected in CCl4 using only one 

detector (PbS) in order to remove most detector artifacts. Samples were diluted to a 
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concentration of ~0.5 mg/mL. Spectra were sampled from 1000 – 3300 nm with a scan 

resolution of 1 nm. Drude modeling was performed in MatLab. Models were fitted 

manually to simulated spectra, example shown in the ESI. Models were allowed to 

optimize to a least-squared fit, with extracted value errors of 25 cm-1.  

Preparation and Characterization of ITO Nanocrystal Thin Films 

ITO NCs were dispersed in toluene, with a solution concentration of ~ 50 mg/mL. 

For substrates, (100) low resistivity Si was used. Prior to deposition, Si wafers were cut to 

1.5 x 1.5 cm squares. A wet thermal oxide was grown to a thickness of ~ 500 nm. The 

wafers were rinsed with isopropanol and sonicated in isopropanol for 1 minute. The toluene 

NC solutions were spin coated onto the SiO2/Si wafers @ 3000 rpm for 30 s. The wafers 

were then soft baked on a hot plate set to 250 ºC for 10s. The spin coat and soft bake 

procedure was repeated two more times. The resulting thin films were heated to 300 ºC in 

30 mins, and held for 6 h under forming gas (5% H2/ 95% N2). Scanning electron 

microscopy (SEM) images were collected using a ZEISS Ultra-55 SEM operating at 30 

kV. UV-Vis spectra of thin films were collected on a Perkin Elmer Lamda 1050 

spectrometer, with the ITO NCs deposited on 2x2 cm glass slides. Ellipsometry data were 

taken on a J.C. Woollam M44 Spectroscopic Ellipsometer. Three separate films for each 

nanoparticle sample were spin coated onto silicon wafers with 100 nm of thermal oxide. 

The films were modeled as Cauchy films on 100 nm of SiO2. The data were first fit to find 

thickness of each film. The thickness given by the model was then held constant while the 

optical constant was fit over the full wavelength range. The MSE was below 5 for all fits. 

The value of n at  = 555.7 was used in the equation to calculate the packing density. I-V 

measurements were performed with a 4-pt probe, on ITO samples deposited onto 2x2 cm 
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100 nm SiO2/Si substrates. Voltage was scanned from -100 to 100 mV, with the resistivity 

calculated from the linear I-V fits. 

 

Bridge to Chapter IV 

 The continuous addition synthesis has been shown to allow for stoichiometric and 

homogeneously-distributing dopant incorporation (Chapter II), as well as simultaneous 

control over the nanocrystal size (Chapter III). The layer-by-layer growth yields the ability 

to control compositional gradients in the nanocrystal, where dopants are deliberately 

localized within the nanocrystal core or shell. This localization, or radial dopant 

distribution, can be altered simply by when the dopant precursor is introduced into the 

nanocrystal reaction during growth. This allows the ability to synthesize doped/undoped 

and undoped/doped core/shell nanocrystals, and to systematically investigate the radial 

dopant distribution on the optical properties, namely the plasmonic properties. The study 

reveals a strong influence of radial dopant distribution on the plasmonic energies, dopant 

activations, and overall damping of the system, which are discussed in Chapter 5. The study 

is the first example of tailoring plasmonic properties through deliberate radial dopant 

placement, and gives mechanistic insight into the effects of dopant localization on the 

plasmonic properties. 
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CHAPTER IV 

 

RADIAL DOPANT PLACEMENT FOR TUNING PLASMONIC PROPERTIES IN 

METAL OXIDE NANOCRYSTALS 

 

This chapter was previously published as Crockett, B. M.; Jansons, A. W.; Koskela, K. M.; 

Johnson, D. W.; Hutchison, J. E. Radial Dopant Placement for Tuning Plasmonic 

Properties in Metal Oxide Nanocrystals. ACS Nano 2017, 11 (8), 7719–7728. Copyright 

2017 American Chemical Society. 

 

Introduction 

The unique properties of plasmonic nanomaterials allow their use in a variety of 

applications, such as spectroscopy,1,2 chemical sensing,3–5 transparent conducting films,6,7 

and as biomedical agents.8–10 Recently, non-noble metal nanomaterials that display 

localized surface plasmon resonances (LSPRs) in the infrared (IR) and near-IR (NIR) 

region of the electromagnetic spectrum have been investigated, and their use explored as 

active components in a variety of the above applications.11–15 Several types of extrinsically-

doped oxide nanocrystals that display tunable LSPRs have been reported, including Sn-

doped In2O3 (ITO),16–20 Ce-doped In2O3,
21

  In or Al-doped ZnO,22–24 In and F/In co-doped 

CdO,6,25,26 and Nb-doped TiO2.
27 In these cases, the LSPR arises when dopant atoms and 

crystalline defects contribute free electrons into the conduction band that collectively 

oscillate when excited by their resonance frequency. In the case of metal oxides, the energy 
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of the LSPR can be tailored through changes in aliovalent dopant concentration or dopant 

identity.14–16,26,28,29  

Recent reports suggest that the radial distribution of dopants in metal oxide 

nanocrystals may contribute to large variations in the plasmonic properties of these 

materials, specifically damping (which correlates to the LSPR linewidth)14,30 and dopant 

activation (the number of free electrons per dopant cation).31 Three example dopant 

architectures are shown in Figure 4.1.  Using ITO nanocrystals as a model system, Lounis 

et al. observed that the LSPR energy and shape depend upon the radial dopant distribution 

of Sn.31 The authors suggest that mitigating dopant heterogeneity and size effects, as well 

as deliberate radial placement of dopant atoms would be a powerful strategy for designing 

plasmonic nanocrystal properties. Such an approach however, is difficult to impossible to 

achieve given the current state of colloidal nanocrystal syntheses. In order to gain access 

to such level of LSPR control, a synthetic approach is required that allows for sub-

nanometer size and composition control during the growth phase, which would permit the 

logical production of advanced structures, including doped/undoped or undoped/doped 

core/shell architectures. 

 

 
Figure 4.1. Schematic cross-section representations for three dopant distributions of Sn in 

an In2O3 nanocrystal. Sn localized in the core (left), Sn homogeneously doped (middle), 

and Sn localized towards the surface (right). Oxygen, indium, and tin atoms are red, white, 
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and blue spheres respectively. Schematics were generated in CrystalMaker using a bixbyite 

In2O3 lattice. 

 

Recently, we reported a synthesis for both binary and doped metal oxide 

nanocrystals based upon esterification of metal oleates in long-chain alcohol solution that 

has the potential for deliberate and precise radial control over dopant placement.32–34 

During slow addition of a metal carboxylate into long-chain alcohol at elevated 

temperatures (> 200 °C), metal oxide particles nucleate and then grow continuously 

without coalescence, ripening, or forming additional particles.  The synthesis proceeds with 

> 90 % yield and can provide gram-scale material.33 This approach proceeds through a 

living or continuous growth mechanism, where the nucleated particles continue to grow 

upon the addition of more precursor. New metal oxide compositions can be added as a shell 

on the core matrix in a predictable fashion. Thus, this approach should permit the precise 

placement of dopants within a particle due to the layer-by-layer growth process. 

Herein we utilize this approach to synthesize Sn-doped In2O3 nanocrystals with 

deliberate radial dopant placement and investigate the resulting LSPR spectra.  We 

demonstrate that it is possible to precisely control the radial placement of dopants, 

maintaining uniform size dispersions and controlled core dimensions. We observe 

decreases in LSPR damping with dopant-segregated regions in the core or the shell with 

respect to homogeneously-doped nanocrystals. We confirm the presence of inactive Sn 

dopants on the nanocrystal surface, and observe their activation upon the addition of a sub-

nanometer thick undoped In2O3 shell. Finally we show it is possible predictively design 

LSPR shape and energy, independent of dopant concentration, through control over core 

or shell dopant placement. 
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Results and Discussion 

Synthesis of core/shell nanocrystals with varying radial dopant placement 

Two series of core/shell nanocrystals (In2O3/ITO core/shell, ITO/In2O3 core/shell) 

were synthesized through a one-pot, controlled, slow addition approach. Each series was 

synthesized (Scheme 4.1) by a two-stage approach whereby either i) an indium oleate 

precursor is used to produce an In2O3 core, then subsequently, and without purification, the 

mixed In/Sn precursor is slowly added to produce In2O3/ITO core/shell nanocrystals, or ii) 

a mixture of Sn and In oleate precursors is used to produce an ITO core, then subsequently, 

an indium oleate precursor is slowly added to produce ITO/In2O3 core/shell nanocrystals. 

Shell thicknesses were varied in each series to investigate the influence of dopant 

placement on the LSPR. Aliquots were taken and purified for analysis after the formation 

of the core and periodically during shell growth. 

 

Scheme 4.1. Living growth synthesis of homogeneously doped and core/shell 

nanocrystals. In2O3 and ITO are represented in red and blue, respectively.  

 
 

 

The dopant locations in the nanocrystals were investigated through a combination 

of bulk and surface elemental analysis. Absolute dopant concentration was determined for 

nanocrystals digested in stock hydrochloric acid and analyzed using inductively coupled 
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plasma optical emission spectroscopy (ICP-OES).  The concentrations of surface localized 

Sn were investigated using X-ray photoelectron spectroscopy (XPS). XPS probes only the 

surface atomic structure (the sampling depth was calculated to be ~ 5 nm for the In and Sn 

3d photoelectrons)35 and has been previously shown to be a powerful technique in 

elucidating nanocrystal dopant distributions.22,31 Relative surface Sn concentrations were 

quantified by integrating the In and Sn 3d5/2 peaks in the XPS spectra. Only minor 

attenuation of the signal is expected from the ligand shell, and this should be similar for 

both the indium and tin signals. Elemental analysis results are shown in Figures S1 and S2, 

and were used to confirm that Sn dopants were either located in the core or shell of the 

nanocrystals for the ITO/In2O3 and In2O3/ITO core/shell series respectively. 

Figure 4.2 displays TEM micrographs of the initial core and final core/shell samples 

for the In2O3/ITO core/shell and ITO/In2O3 series. The nanocrystals are uniformly-sized 

single crystals that pack readily into extended arrays. HRTEM was performed on the 

largest In2O3/ITO and ITO/In2O3 core/shell particles (Figure C3). The analysis does not 

reveal the presence of any apparent structural defects of the crystalline particles at the 

core/shell interfaces, suggesting that the shells are epitaxially grown onto the core of the 

nanocrystals. Shell growth was monitored via SAXS (Figures S1 and S2).  The final 

(largest) shell thicknesses were 4.1 and 4.0 nm for the In2O3/ITO and ITO/In2O3 series, 

respectively. SAXS and TEM analysis confirmed that there was no new nucleation upon 

shell precursor injection. The NIR absorbance spectra were measured from 3,100 to 11,000 

cm-1 (3225 to 909nm), and plotted for the In2O3/ITO and ITO/In2O3 core/shell series in 

Figures 2e and 2f, respectively. The initial absorbance spectrum of the In2O3/ITO core/shell 
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series in Figure 4.2e (black spectrum) displays no LSPR absorbance in the NIR and only 

displays ligand C-H stretches, as expected for an undoped nanocrystal.  

 

 

Figure 4.2.  Core/shell schematics, TEM micrographs, and NIR spectra of In2O3/ITO (left) 

and ITO/In2O3 (right) core/shell nanocrystals. TEM images and respective core/shell 

schematics of the initial core and final core/shell samples, with sizes reported from SAXS: 
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In2O3 core (a); In2O3/ITO core/shell (b); ITO core (c); ITO/In2O3 core/shell (d). Core/shell 

schematics represent In2O3 and ITO in red and blue respectively. Scale bars are 50 nm. 

Normalized LSPR spectra for In2O3/ITO series during ITO shell growth (e), and ITO/In2O3 

series during In2O3 shell growth (f). Normalized LSPR spectra of the ITO core and first 

ITO/In2O3 core/shell nanocrystal to show the initial blue-shift in the LSPR as a result of 

shell growth (f, inset).  NIR spectra of In2O3/ITO core/shell sample (red) and 

homogeneously-doped ITO (black), with Sn concentrations of 9.71 and 9.98 atomic %, 

respectively (g), NIR spectra of ITO/In2O3 core/shell sample (red) and homogeneously-

doped ITO (black), with Sn concentrations of 7.36 and 7.17% respectively (h). 

 

 

The LSPR spectra for the In2O3/ITO core/shell nanocrystals are shown in Figure 

4.2e.  The shift in the LSPRmax to higher energies with more incorporated Sn is consistent 

with that predicted by Eq. 1. The response of the LSPR should be proportional to the bulk 

plasma frequency (ωp), described by 

𝜔𝑝 =  √
𝑁𝑒𝑒2

𝑚∗𝜀0
              (1) 

where Ne is the free carrier concentration, e is the elementary charge, m* is the effective 

mass, and ε0 is the permittivity of free space.  As more Sn is incorporated into the lattice, 

the free carrier concentration is expected to increase, until a saturation point is reached at 

very high concentrations16 (> 15 % Sn). For the ITO/In2O3 core/shell nanocrystals (Figure 

4.2f), the LSPRmax decreases as the dimensions of the In2O3 shell are increased, consistent 

with a dilution of free electrons due to the addition of the undoped shell. 

Upon closer inspection of the spectra for the ITO/In2O3 core/shell nanocrystals 

(Figure 4.2f, inset), there is a blue-shift from 5436 to 5629 cm-1 upon initial In2O3 shell 

growth before the peak maxima shift to longer wavelength as the shell thickens. The blue 

shift is accompanied by a 25% decrease in linewidth (1992 cm-1 to 1548 cm-1). To further 

explore the influence of thin shells of indium oxide on the ITO cores, we grew a series of 

sub-nanometer In2O3 shells on ITO (Figure C4). Although one would expect that the 
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addition of an undoped, In2O3 shell would effectively dilute the Sn concentration in the 

nanocrystal, and therefore should shift the LSPR to lower energy according to equation (1), 

these experiments (Figure C4) confirmed our initial observation that thin In2O3 shells lead 

to an initial blue-shift of the LSPR suggesting an effective increase in free electron 

concentration in the material.  This observation provides further evidence to hypotheses 

that the ITO surface contains localized Sn surface trap states that contribute to a reduced 

dopant activation in ITO,13,31 which can be activated by a sub-monolayer In2O3 shell.  

Surface trap states are well known in the QD literature36–39 and can arise from a 

combination of ligand-surface interactions, dangling bonds, and surface site defects. 

To further explore the influence of dopant placement on the LSPR, samples with 

the same dopant concentration, but different radial placement of the dopant atoms, were 

synthesized and examined. Figure 4.2g compares the LSPR response of an In2O3/ITO 

core/shell sample with a homogeneously-doped ITO nanocrystal sample, containing 9.71 

and 9.98 atomic % Sn, respectively.  Structural characterization, including ICP-OES and 

XPS analysis for both samples are shown in supporting information (Table C4). The 

LSPRmax for the In2O3/ITO core/shell sample is red-shifted by approximately 381 cm-1 and 

linewidth is decreased by approximately 439 cm-1 (17%), relative to the homogeneously-

doped sample.  The red-shift is likely due to the slightly lower Sn concentration in the 

core/shell sample. A similar decrease in linewidth has been previously observed for 

surface-segregated ITO nanocrystals.31  In that case, the authors suggest that narrowing of 

the linewidth results from less dopant-based scattering in the Sn-depleted core.  

A comparison of the LSPR spectra for an ITO/In2O3 core/shell sample and a 

homogeneously-doped ITO sample of the approximately the same Sn concentration (7.36 
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and 7.17 atomic %, respectively) is shown in Figure 4.2h. Structural and compositional 

characterization for both samples is shown in Table C5. Just as in the previous case, the 

LSPR linewidth in the core/shell sample is narrower (by 26%, 1629 versus 2201 cm-1) 

compared to the homogeneously-doped sample.  In this case; however, the LSPRmax of the 

core/shell sample is blue-shifted relative the homogeneously-doped sample by 145 cm-1.   

The observed effects likely arise from the dopant-free shell, which aids in reducing 

damping and a slight increase in dopant concentration (vide infra). 

Extraction of optical constants for core/shell nanocrystals 

  The NIR optical responses observed in ITO nanocrystals can be interpreted semi-

quantitatively through their dielectric function described by the free electron 

approximation of the Drude equation 

𝜀𝑁𝐶(𝜔) = 𝜀∞ −
𝜔𝑝

2

(𝜔2+𝑖𝜔𝛤)
            (2) 

where ε∞ is the high frequency dielectric constant of ITO (taken as 4), ωp is the bulk plasma 

frequency of the free carriers, and Γ is the free carrier damping. Using the Drude equation, 

the LSPR absorption cross-section (σA) of the nanocrystals can be modeled from the quasi-

static approximation of Mie theory 

𝜎𝐴 = 4𝜋𝑘𝑅3𝐼𝑚𝑎𝑔 {
𝜀𝑁𝐶(𝜔)−𝜀𝑚

𝜀𝑁𝐶(𝜔)+2𝜀𝑚
}           (3) 

where εm is the dielectric constant of the medium (2.238 for CCl4), 𝑘 =  √𝜀𝑚𝜔/𝑐, and R 

is the nanocrystal radius. The absorbance of the NC solution can then be calculated with 

the Beer-Lambert law  

𝐴 =
𝑁𝜎𝐴𝐿

log(10)
              (4) 
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where N is the nanocrystal number density (#particles/cm-3), and L is the pathlength of the 

cuvette. LSPR spectra from Figure 4.2 were modeled in order to extract ωp and Γ. This 

simple Drude model has been used extensively to model LSPR spectra of semiconducting 

and oxide nanocrystals.14,15,40–42   Example modeled spectra, along with a comparison to 

the observed spectra, are shown in Figure C5.  Figure 4.3a shows ωp and Γ as a function of 

shell thickness for both the In2O3/ITO and the ITO/In2O3 core/shell nanocrystals 

represented in Figures 2e and 2f.   

 

 

Figure 4.3. Extracted parameters from the spectra in Figure 4.2 as a function of shell 

thickness and absolute Sn concentration (measured by ICP-OES). Black and red symbols 

represent ITO/In2O3 and In2O3/ITO core/shell nanocrystals respectively. ωp (top, solid 
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symbols) and Γ values (bottom, open symbols) plotted versus shell thickness (a). Ne values 

plotted against absolute Sn concentration (b). The core/shell schematics are placed for 

reference, with In2O3 and ITO represented in red and blue respectively. 

 

As expected by equation 1, ωp increases with increasing shell thickness for the 

In2O3/ITO core/shell nanocrystals.  Interestingly Γ decreases initially, indicating a 

reduction in electron scattering during LSPR excitation. As the main scattering mechanism 

in ITO is electron-ionized impurity scattering,43,44 this decrease in Γ is most likely due to 

the undoped In2O3 core providing an impurity-free zone for conduction band electrons to 

oscillate upon excitation. At greater shell thicknesses, the In2O3/ITO core/shell 

nanocrystals display in increase in Γ, most likely from the nanocrystals being > 90% ITO 

by volume and exhibiting damping closer to homogeneous ITO (see Γ for ITO core, shell 

thickness = 0 nm, in Figure 4.3a). 

For the ITO/In2O3 core/shell nanocrystals, ωp increases during the first nanometer 

of shell growth, indicating and increase in Ne (Figure C4). A significant decrease in 

damping, Γ, is also observed upon initial shell growth.  Near the maximum shell 

thicknesses, Γ increases, likely due to the cubic-shape of the nanocrystals (Figure 4.2d) 

giving rise to additional shape-dependent plasmonic modes in the LSPR spectrum.21,45 The 

decrease in damping exhibited by both core/shell nanocrystals provides strong evidence 

that the undoped In2O3 region is the main factor in decreasing impurity scattering, 

independent of dopant concentration (as shown by Figures 2g and 2h).  However the 

undoped In2O3 region located in the shell seems to reduce damping the most, likely due to 

reduced surface scattering, lack of Sn surface trap states, in addition to the impurity-free 

zone that both core/shell nanocrystals possess.  
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For both core/shell nancorystals, Ne values were calculated from the extracted ωp 

values using equation 1, and plotted in Figure 4.3b versus absolute Sn% as measured by 

ICP-OES. The ITO/In2O3 core/shell nanocrystals display an increasing Ne initially in 

agreement with the observed blue-shift from Figure 4.2f, and a gradual decrease in Ne as 

the Sn is diluted from the In2O3 shell. Conversely, the In2O3/ITO core/shell nanocrystals 

display an increase in Ne with increasing shell thickness. Comparing the two series, the 

ITO/In2O3 core/shell series utilizes nearly an order of magnitude less absolute dopant % 

for an equivalent LSPR energy than the In2O3/ITO core/shell series (0.78% Sn for Ne of 

0.42 x 1021cm-3 versus 6.43% Sn for Ne of 0.43 x 1021cm-3 respectively). Because the 

nanocrystal diameters are several orders of magnitude smaller than the wavelength of 

absorbing light, size effects on the LSPR are negligible and can effectively be ignored,40,46 

indicating that only dopant concentration and radial location (core versus shell) is 

contributing to the LSPR spectra. As aliovalent doping leads to scattering-based damping 

in metal oxides, any opportunity to reduce dopant concentration is an opportunity to 

improve material performance. 

 

Investigating the impact of radial dopant placement on LSPR energy and damping. 

Currently two of the biggest challenges in plasmonic metal-oxide nanocrystal 

synthesis are increasing dopant activation (i.e., maximizing the number of free electrons 

contributed per dopant atom) and mitigating plasmonic damping. Common causes of 

reduced dopant activation include dopant-induced defects (such as Sn-oxo complexes and 

the formation of tin oxide phases)47,48 and inactive surface sites31,49,50 (arising from crystal 

defects36,38 and ligand-metal binding39). Thus, in attempts to achieve high dopant activation 
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at large dopant concentrations, these increases in dopant levels may yield more defects and 

reduce activation.  Plasmonic damping generally arises from a combination of ionized 

impurity scattering (from the dopant atoms themselves), surface scattering, and scattering 

from charge compensation defects (such as oxygen vacancies).14,15 Ionized impurity and 

charge compensation defect scattering are generally reduced by a decrease in Sn 

concentration. It is therefore synthetically challenging to mitigate damping when higher 

dopant densities are needed to achieve desired carrier concentrations.  

To explore how the radial placement of dopants can be used as a strategy to enhance 

dopant activation and reduce plasmon damping, we synthesized and investigated the 

optical properties of two core/shell series of Sn-doped In2O3 nanocrystals.  The Doping 

Series allows for the investigation of architecture on LSPR energies and dopant activations 

by keeping the absolute doping levels constant. This is accomplished by adapting the 

synthetic strategy in Scheme 4.1 so that nanocrystal samples in the Doping Series would 

be of approximately equal doping concentration and diameter.  This ensures that the 

observed changes to the LSPR and observed dopant activation would be due solely to the 

radial dopant location. Because the plasmon energy depends on damping (Eqs. 2-4), a 

series of nanocrystals were produced with the same LSPRmax to isolate the effects of radial 

dopant placement on damping. Thus, the Damping Series allows for a convenient 

comparison of structural effects on damping by holding LSPR energy equivalent across 

different nanocrystal structures. To this end, two core/shell samples, one from Figure 4.2e 

and one from Figure 4.2f in Section I, were selected that have the same LSPR energies.  A 

homogeneously-doped sample was designed and synthesized to have the same LSPR 

energy for comparison to the other two samples. 
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Figure 4.4.  ITO nanocrystals for the Doping (left) and Damping (right) Series. Doping 

Series (left): TEM micrographs of homogeneously doped ITO nanocrystals (a), ITO/In2O3 

core/shell nanocrystals (b), and In2O3/ITO core/shell nanocrystals (c). Scale bars are 50 

nm.  Normalized LSPR absorption spectra (d). Inset: photograph of the purified 

nanocrystal solutions in hexanes, immediately following synthesis, spectra presented left 

to right correspond to solution presented left to right. Damping Series (right): TEM 

micrographs of homogeneously doped ITO nanocrystals (e), ITO/In2O3 core/shell 

nanocrystals (f), and In2O3/ITO core/shell nanocrystals (g). Scale bars are 50 nm. 

Normalized LSPR absorption spectra (h). 

 

Figure 4.4 displays TEM micrographs for the nanocrystals from both Doping and 

Damping Series. Samples in the Doping Series are approximately equal size as measured 

by SAXS (Table 4.1), with the In2O3/ITO sample measured to be slightly larger (~ 2 nm 

larger in diameter), likely due to differences in nucleation without the initial presence of 

dopant cations. Samples in the Damping Series have different sizes, as well as shape, by 

SAXS (Table 4.2) and TEM. These size and shape discrepancies are expected given the 
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varying Sn concentrations and core/shell architectures required to produce an LSPR with 

the same energy. The dopant distributions were investigated via ICP-OES and XPS in the 

same fashion described previously. The overall tin content of samples in the Doping Series 

(Table 4.1) is essentially the same (within 0.5 atomic % Sn) as measured by ICP-OES. 

Results of the surface analysis by XPS (Table 4.1) are in agreement with the specific 

architecture described, and confirm the anticipated Sn localization in each sample. The 

Damping Series contains a range Sn doping percentages from 3.26 to 9.71 total metal %.  

Table 4.1. Doping Series: nanocrystal size, absolute and surface Sn concentrations, and 

extracted parameters from Drude modeling of the LSPR spectra in Figure 4.4d. 

 

 

 

 

Table 4.2. Damping Series: nanocrystal size, absolute and surface Sn concentrations, and 

extracted parameters from Drude modeling of the LSPR spectra in Figure 4.4h. 

 

 

 

 

Structure 
Size +/- 1σ 

(SAXS, nm) 
Core size 

(SAXS, nm) 

Sn % 

(ICP-OES) 
Sn % 

(XPS) 
ωp 

(cm-1) 

Ne 

(1021cm-3) 

Γ 

(cm-1) 

ITO 
homogeneous 

10.7+/- 1.6 N/A 4.17 +/- 0.05 4.5 +/- 0.2 12750 0.73 1850 

ITO/In2O3 
core/shell 

10.2+/- 1.2 7.0 +/- 1.0 3.63 +/- 0.08 2.5 +/- 0.2 15280 1.05 1650 

In2O3/ITO 
core/shell 

12.8 +/- 1.6 11.1 +/- 1.4 3.84 +/- 0.06 5.6 +/-0.1 7500 0.25 3100 

Structure 
Size +/- 1σ 

(SAXS, nm) 
Core size 

(SAXS, nm) 

Sn % 

(ICP-OES) 
Sn % 

(XPS) 
ωp 

(cm-1) 

Ne 

(1021cm-3) 

Γ 

(cm-1) 

ITO 
homogeneous 

7.3+/- 1.1 N/A 7.17 +/- 0.05 7.7 +/- 0.2 14250 0.91 2500 

ITO/In2O3 
core/shell 

7.9+/- 0.9 5.3 +/- 2.3 3.26 +/- 0.07 3.5 +/- 0.2 14300 0.92 1600 

In2O3/ITO 
core/shell 

14.4 +/- 2.2 6.3 +/- 0.8 9.71 +/- 0.04 10.3 +/-0.2 14300 0.92 2050 
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The NIR absorbance spectra were measured and plotted for the Doping Series in 

Figure 4.4d. The colors of the as-synthesized nanocrystal solutions dispersed in hexanes 

(Figure 4.4d inset) are strikingly different, ranging from yellow to blue, despite the 

nanocrystal containing the same concentration of dopant. Upon inspection of the NIR 

spectra (Figure 4.4d) we observe the ITO/In2O3 core/shell nanocrystals to have the highest 

LSPR energy (of 5020 cm-1), compared to 4220 cm-1 and 3030 cm-1 for the 

homogeneously-doped and In2O3/ITO nanocrystals, respectively. To further investigate the 

LSPR, we modeled all three spectra with the Drude formula., with the extracted values in 

Table 4.1. 

The ITO/In2O3 core/shell sample exhibits an Ne value four times greater than the 

In2O3/ITO core/shell sample, with damping reduced by 50%.  The extracted damping from 

the In2O3/ITO sample is much larger, either because of the cubic nature of the nanocrystal 

and/or detector cutoffs that do not allow the full LSPR to be observed and modeled.  The 

ITO/In2O3 core/shell sample also yields an Ne value 25% larger, and damping value that is 

11% reduced with respect to the homogeneous sample. The Ne value (1.05 1021cm-3) for 

the ITO/In2O3 core/shell nanocrystals is unusually high given the doping level (3.26% Sn). 

In previously reported ITO nanocrystal samples, significantly higher doping levels (5 – 7% 

Sn) were required in order to attain an analogous free carrier concentration, depending 

upon the reaction chemistry used to synthesize the nanocrystals.31 Combined, these results 

indicate that having a dopant-free shell (i.e., ITO/In2O3 core/shell) increases dopant 

activation more than the other two architectures.   

The NIR absorbance spectra were measured and plotted for the Damping Series in 

Figure 4.4h.  LSPR linewidth (which is an indication of the overall damping in the 
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nanocrystal) has been shown to be a defining feature for device performance and 

design,4,30,51–53 from sensing, thin film conductivity,31 and selective electromagnetic 

radiation filtering.54–56 From the spectra in Figure 4.4h, it is readily apparent that linewidth 

can be tuned with radial dopant placement, with linewidths measured to be 1552, 2101, 

and 2358 cm-1 for the ITO/In2O3 core/shell, In2O3/ITO core/shell, and ITO homogeneous 

nanocrystals respectively.  As measured by ICP-OES, the Sn % required to produce an 

LSPR of ~4870 cm-1 for the ITO/In2O3 core/shell sample is only 3.55 %, compared to 7.20 

% and 9.71 % for the homogeneously doped ITO and In2O3/ITO core/shell nanocrystals 

respectively. This activation trend is in agreement with our findings from the Doping 

Series, with Sn being most activated when there is an In2O3 shell (ITO/In2O3 core/shell).  

To compare damping and carrier concentration values between the samples, Drude 

modeling was performed on the LSPR spectra from Figure 4.4h for the Damping Series, 

and the extracted values shown in Table 4.2.  Both core/shell nanocrystals display 

dramatically reduced damping values with respect to the homogeneous sample, with a 36% 

and 18% damping reduction for the ITO/In2O3 and In2O3/ITO nanocrystals, respectively. 

The In2O3/ITO core/shell sample is particularly interesting, because the nanocrystals 

contain much more overall Sn relative to the homogeneously-doped sample (Table 4.2), 

however In2O3/ITO core/shell nanocrystals display less plasmonic damping. This suggests 

that the dopant-depleted core is aiding in reducing the damping regardless of the excess Sn 

present. Across the three samples the ITO/In2O3 core/shell sample produces the lowest 

damping value of 1600 cm-1 due to (i) reduced impurity scattering from fewer dopant 

cations present (Table 4.2) and (ii) the dopant-depleted shell. Plasmon damping values 

have been reported with wide ranges31 as high as 5000-8000 cm-1, from nanocrystals 
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synthesized with a combination of carboxylates and amines,16 and with much lower values 

of 900 – 1500 cm-1 from nanocrystals synthesized from a mixture of metal acetonates, 

chlorides and oleyl amine.18 While it may be tempting to draw direct comparisons from 

values in this study to other values reported for ITO nanocrystals in the literature, the 

chemistries used to synthesize the nanocrystals can influence the properties beyond the 

effects due to doping. The range of ITO syntheses rely on different solvents, surfactants, 

metal precursors, temperatures, and counter anions, all of which will contribute to the 

defect chemistry in the nanocrystals that is then manifested spectrally in sometimes 

unpredictable ways. The approach presented here allows for direct comparison between 

nanocrystals synthesized with varying levels and placements of dopants because the 

nanocrystals are all synthesized from the same precursor material, using the same 

surfactants, under the same reaction conditions.  

 

Conclusion 

 

The synthetic method described here offers the opportunity for precise radial dopant 

positioning within an oxide nanocrystal matrix.  Dopants can be positioned with sub-

nanometer precision into the host nanocrystal via the slow injection of metal precursors, 

with no purification required in between precursor additions.  We utilized Sn-doped In2O3 

(ITO) as a model system to evaluate the influence of radial dopant position on resulting 

properties, in this case the LSPR response. The core/shell nanostructure architectures were 

confirmed through bulk and surface elemental analysis. 

Radial dopant placement has a profound influence on the LSPR energy, free 

electron concentration, and damping. Inactive Sn surface sites could be activated upon the 

addition of a thin (≤ 0.5 nm) In2O3 shell. In both types of core/shell nanocrystals, damping 
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decreased relative to homogeneously-doped nanocrystals, due to the dopant-free region.  

ITO/In2O3 core/shell nanocrystals have the lowest damping, due to the dopant-free region 

at the surface, which reduces surface and impurity scattering, while increasing activation. 

This undoped region is crucial to realizing the theoretical minimum damping in metal-

oxide nanocrystals, which has been a challenge in material development. 

The ability to precisely control the radial placement of dopants creates opportunities 

in structure/property design and optimization. We foresee this approach ultimately being 

widely applicable to other metal oxide nanocrystal systems, whose properties are inhibited 

by dopant-scattering and localized-surface defects. Studies involving a combination of 

ultrafast optical spectroscopy and rigorous computational modeling will aid in developing 

a more comprehensive understanding of the underlying electronic structure of these 

materials and prove useful in tapping the nearly infinite compositions made possible 

through the control of dopant placement in these materials. This same approach should also 

be useful in modifying catalytic, magnetic, and electronic properties of nanocrystal 

extending beyond In2O3 systems.  

 

Materials and methods. 

Indium(III) acetate (99.99%), oleic acid (90% technical grade), and tin(IV) acetate 

were purchased from Sigma-Aldrich and used as received.  Oleyl alcohol (80-85% 

technical grade) was purchased from Alfa Aesar and used as received.  A flow meter 

purchased from Cole-Parmer was used to monitor nitrogen flow (model 03216-10). 

Synthesis of Homogeneously-doped and Core/shell Nanocrystals 
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All syntheses were carried out similar to those described in literature with 

modifications to control the placement of dopant atoms into the nanocrystal matrix.32,33 

Synthesis of In2O3/ITO core/shell nanocrystals (Figures 2, S1, S3) 

 Two precursor solutions were prepared in separate vials.  In one vial, indium(III) 

was mixed with of oleic acid (in a 1:6 molar ratio) to yield an undoped indium oleate 

precursor solution.  In a separate vial, tin(IV) acetate and indium(III) acetate (in a 1:9 Sn:In 

ratio) were mixed with oleic acid (in a 1:6 metal to acid molar ratio) to yield a 10% Sn 

doped ITO precursor solution. Both precursors were left at 150 oC under N2 for several 

hours. Indium oxide nanocrystals cores were synthesized by first adding the indium oleate 

precursor solution at a rate of 0.35 mL/min via syringe pump to 13.0 mL of oleyl alcohol 

at 290 oC. A 6.3 nm In2O3 core was grown in this manner, and a small aliquot was pulled 

out of the reaction flask using a 1.0 mL syringe.  After the addition of the undoped 

precursor, a 10% ITO precursor solution was added to the reaction solution in the same 

manner described above. During the dropwise addition of the ITO precursor, small aliquots 

were taken out of the reaction vessel for analysis. Nanocrystals were isolated by 

precipitating with ~12 mL of ethanol.  The solid was collected by centrifugation at 7000 

rpm for 10 min. The solid was then washed and centrifuged once more with ethanol. 

Elemental analysis along with size and size dispersion analysis by SAXS from these 

particles can be found in Figure C1. 

Synthesis of ITO/In2O3 core/shell nanocrystals (Figures 2, S2, S3) 

For the synthesis of the ITO/In2O3core/shell nanocrystals, a 10% Sn ITO precursor 

solution was added to oleyl alcohol in the same manner described above.  A 5.3 nm ITO 

core was grown in this manner, and a small aliquot was pulled out of the reaction flask 
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using a 1.0 mL syringe.  After the addition of the ITO precursor, an indium precursor 

solution was added to the reaction solution in the same manner described above.  During 

the dropwise addition of the indium precursor, small aliquots were taken out of the reaction 

vessel for analysis.  Aliquots were purified and analyzed as stated above.    Elemental 

analysis along with size and size dispersion analysis by SAXS from these particles can be 

found in Figure C2. 

Synthesis of the homogeneously doped ITO nanocrystals (Figure 4.2, Tables S1 and S2) 

An ITO metal oleate precursor was prepared by mixing indium(III) acetate and 

tin(IV) acetate (in the proper molar ratio for the desired Sn doping level) in oleic acid (1:6 

metal to acid molar ratio) in a scintillation vial.  The solution was stirred at 150 oC under 

N2 for several hours.  Nanoparticles were formed by adding the precursor at a rate of 0.35 

mL/min, using a syringe pump, to 13.0 mL of oleyl alcohol in a 100 mL three-neck flask 

at 290 oC.  The three-neck flask was sealed with septa, however N2 was allowed to flow 

over the solution at a rate of ~130 cc/min and exit out each of several purge needles.  

Aliquots were purified and analyzed as stated above.   

Synthesis for activation of Sn surfaces on an ITO nanocrystal (Figure C4)  

A 10% ITO precursor solution was added to oleyl alcohol in the same manner 

described above to yield a 6.9 nm ITO nanocrystal.  An aliquot was taken at this point for 

analysis.  Next, 20 drops of an undoped, indium oleate precursor was added to the reaction 

vessel.  Another aliquot was taken at this point.  Ten more drops of the indium oleate was 

added to the reaction vessel, another aliquot was taken, and finally ten more drops of 

undoped precursor was added to the vessel. Aliquots were purified and analyzed as stated 

above.  Size and size dispersions from this synthesis can be found in Figure C4.   
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Synthesis of the homogeneously doped ITO nanocrystals (Figure 4.4, Table 4.1) 

A 3.3 % ITO metal oleate precursor was prepared by mixing indium(III) acetate 

(846 mg, 2.90 mmol) and tin(IV) acetate (35 mg, 0.10 mmol) in 6 mL of oleic acid in a 

scintillation vial.  The solution was stirred at 150 oC under N2 for several hours.  

Nanoparticles were formed by adding the precursor at a rate of 0.35 mL/min, using a 

syringe pump, to 13.0 mL of oleyl alcohol in a 100 mL three-neck flask at 290 oC.  The 

three-neck flask was sealed with septa, however N2 was allowed to flow over the solution 

at a rate of ~130 cc/min and exit out each of several purge needles.    Aliquots were purified 

and analyzed as stated above.  After collection, the final nanocrystals (350 mg, > 90% 

yield; yield for the nanocrystal core was calculated from the inorganic core mass 

(determined using Thermal Gravimetric Analysis from the mass isolated and the mass 

percent remaining after heating to 600 °C) and the theoretical maximum yield from the 

metal salts to form the metal oxide. 

Synthesis of the ITO/In2O3 core/shell nanocrystals (Figure 4.4, Table 4.1) 

Core/shell nanocrystals were prepared using the same method described above for 

homogeneously doped nanocrystals using different precursor solutions.  Two precursor 

solutions were prepared in separate vials.  In one vial, indium(III) acetate (584 mg, 2.00 

mmol) was mixed with 4.0 mL of oleic acid to yield an undoped indium oleate precursor 

solution.  In a separate vial, tin(IV) acetate (35 mg, 0.10 mmol) and indium(III) acetate 

(263 mg, 0.901 mmol) were mixed with 2.0 mL of oleic acid to yield a 10% doped ITO 

precursor solution. Both precursors were left at 150 oC under N2 for several hours.  

Nanocrystals were synthesized by first adding the ITO precursor solution at a rate of 0.35 

mL/min via syringe pump to 13.0 mL of oleyl alcohol at 290 oC.  After the addition of the 
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2.0 mL precursor, the ITO precursor was removed from the syringe pump and replaced 

with the indium oleate precursor.  The indium oleate precursor was added via syringe pump 

to the reaction solution at the same addition rate.  Aliquots were purified and analyzed as 

stated above, and yield determination of the nanocrystal products were carried as described 

above for homogeneously doped nanocrystals (355 mg, > 90% yield). 

Synthesis of In2O3/ITO core/shell nanocrystals (Figure 4.4, Table 4.1) 

10% ITO and indium oleate precursors were prepared in separate vials as described 

above. Nanocrystals were synthesized by first adding the undoped indium oleate precursor 

at a rate of 0.35 mL/min to 13.0 mL of oleyl alcohol at 290 oC the flask, then adding the 

ITO precursor.  Precursors were added via a syringe pump and the nanocrystals were 

isolated and purified as described above (340 mg, > 90% yield.  

Characterization of Indium Oxide and Sn-doped Indium Oxide Nanocrystal 

Optical measurements were carried out on a PerkinElmer (Waltham, MA) Lambda 

1050 UV/Vis/NIR Spectrometer. Spectra were collected in CCl4 using only one detector 

(PbS) in order to remove most detector artifacts. Samples were diluted to a concentration 

of ~0.5 mg/mL. Spectra were sampled from 1000 – 3300 nm with a scan resolution of 1 

nm.   

Elemental compositions of the nanocrystal cores were determined using a Teledyne 

Leeman Labs (Hudson, NH) Prodigy High Dispersion Inductively Coupled Plasma Optical 

Emission Spectrometer (ICP-OES).  Nanocrystals were dried and digested in stock HCl for 

at least 48 hrs before being diluted for analysis. 

Elemental composition for the surface of the nanoparticles was determined using a 

Thermo Scientific ESCALAB 250 X-ray Photoelectron Spectrometer (XPS).  Samples 
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were prepared by drop casting a hexanes solution onto mica substrates.  Surface tin content 

was determined by integrating the tin 3d5/2 peaks and comparing those intensities to those 

of the indium 3d5/2 peaks.   

Transmission electron microscopy (TEM) micrographs were collected using a FEI 

Tecnai Spirit TEM (Hillsboro, OR) operating at 120 kV.  HRTEM images (Figure C1) 

were collected on a 300 kV Cs image corrected FEI Titan (S)TEM.  Nanocrystals were 

imaged on Ted Pella (Redding, CA) lacey carbon grids supported by a copper grid.  

Samples were prepared by dropping a sample dissolved in hexanes onto the water surface 

in a small vial, allowing the hexanes to dissolve, and dipping a grid through the layer of 

particles.   

Small-angle X-ray scattering (SAXS) analysis was done on a lab-scale SAXS 

(SAXSess, Anton Paar, Austria).  The system was attached to an X-ray generator equipped 

with an X-ray tube (Cu Kα, wavelength λ = 0.154 nm) operating at 40 kV and 50 mA.  The 

scattered X-ray intensities were measured with a charge-coupled device detector (Roper 

Scientific, Germany).  The raw data was processed with SAXSquant software (version 2.0).  

Scattering curves were averaged over 50 individual curves for various acquisition times 

(0.25-15s).  Curve fitting was done using Irena macros for IGOR (V. 6.3.7.2).57  

Drude modeling was performed in MatLab. Models were fitted manually to 

simulated spectra through a combination of Equations 1-4. Models were allowed to 

optimize to a least-squared fit, with extracted value errors of 25 cm-1. This approach has 

been used extensively to model LSPR spectra of metal oxide, and metal chalcogenide 

nanocrystals.40-42 
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Bridge to Chapter V 

 Chapter V presents concluding remarks from the synthetic possibilities described 

in the previous chapters, and outlooks to future opportunities provide by advances in 

colloidal synthetic development. 
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CHAPTER V 

 

CONCLUSION 

I am the primary and sole author to the writing of this chapter. 

 

Concluding Remarks 

Nanotechnology is expected to revolutionize technologies in society, including 

advances in medicine, energy harvesting and storage, and molecular sensing to name a few. 

However, the utilization of nanocrystals is hindered by the lack of predictable, intuitive, 

and accessible syntheses. The properties of nanocrystals arise from nanometer- to 

angstrom-level structural features and composition, and therefore the synthesis of 

nanocrystalline materials needs to be approached from the atomic level, atom-by-atom. 

Atomic-level resolution in synthesis and structural characterization will fuel the nano-

technological revolution. 

Continuous growth synthesis for producing metal oxide nanocrystals is a leap 

forward towards the goals and promises of nanotechnology. The synthesis allows for layer-

by-layer, nearly atom-by-atom growth of metal oxide nanocrystals, with tailored size, 

composition, and internal structure. This synthesis has allowed for new size and structure 

studies to be performed that were previously not possible, and allows for countless new 

studies on structure and properties to be investigated. The sampling of nanocrystal size, 

composition, and structure shown in this dissertation is but a small sample of the near 

infinite structure possibilities provided by the continuous growth synthesis. 
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In Chapter II of this dissertation, the continuous growth synthesis was applied to 

investigate dopant incorporation into indium oxide nanocrystals. The continuous growth 

synthesis was shown to provide dopant incorporation at stoichiometric levels, where the 

composition can be predicted and tuned simply by altering the precursor composition. The 

dopants were found to be homogeneously distributed, whereas dopant incorporation has 

been previously rife with dopant exclusion and segregation. The synthesis allows for the 

uniquely predictable incorporation of dopants due to the balanced chemical reactivities of 

the host and dopant precursors under the reaction esterification conditions. 

In Chapter III of the dissertation, the first Sn-doped In2O3 (ITO) nanocrystal size 

ladder was produced, in order to investigate the dependence of nanocrystal size on thin 

film optoelectronic properties. Traditional approaches to ITO nanocrystal synthesis, 

utilized a wide variety of reaction chemistries to produce the nanocrystals. As a 

consequence, there was a lack of control over size, doping, and dopant distribution, which 

inhibited any possibility of investigating size-dependent properties. The study performed 

in Chapter II concluded that thin film resistivity decreases by over an order of magnitude 

when NC size is increased from 5 to 21 nm. Additionally, it was found that the main barrier 

to conduction in the nanocrystal thin film is the coulombic charging energy for transferring 

charge between neighboring nanocrystals, and above 14 nm in diameter the energy barrier 

becomes negligible. 

In chapter IV, the concepts of dopant incorporation and size control from Chapters 

II and III, respectively, were utilized in tandem to produce dopant localized core/shell 

nanocrystals. Nanocrystals of Sn-doped In2O3 were produced with varying radial dopant 

distributions of core-localized, shell-localized, and homogeneous distributions, and the 
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influence of dopant distribution on the nanocrystal plasmonic properties was investigated. 

The dopant distributions were altered by simply adjusting the introduction order of the 

dopant precursor and the undoped precursor into the reaction. The distribution of dopants 

was found to have a profound influence on the plasmonic properties such as energy, 

damping, and dopant activation. Dopant distribution was found to be, in some instances, 

more influential than the general composition of the nanocrystals. This study is the first 

example of deliberately controlled dopant distribution in metal oxide nanocrystals, the first 

example of sculpting plasmonic properties through dopant distribution, and the first 

example of decoupling plasmonic properties from composition. 

Future Outlooks 

 Discovery and application of the continuous growth synthetic approach to new 

oxide materials, and more complex heterostructures, will require a more complete 

understanding of the chemistry involved throughout the stages in the reaction. A few key 

examples include: 1) identifying the identity of the monomer species that leads to 

nanocrystal formation, 2) the role of the slow precursor introduction on nanocrystal growth 

and formation, 3) the role of the ligand-surface interaction on facilitating nanocrystal 

growth and resulting morphology, 4) using additional additives and ligands to control the 

reactivity of the nanocrystal surface, in order to allow epitaxial growth of new oxide 

materials. Many, if not all, of these examples will be temperature and solution composition 

dependent, and there is much experimental parameter space to explore regarding the 

controllable synthetic variables. In general many mechanistic studies on nanocrystals 

(including the ones in this dissertation) are performed through inference and black-box 

chemistry, where reaction parameters are altered and the final products analyzed. This 
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approach has been quite successful, but provides little to no insight of the reaction 

chemistries during reaction progression. Advances in in situ studies will improve 

understanding of nanocrystal formation and growth, and better inform product design. 

In the face of challenges and unknown variables in synthetic discovery, the 

approach provided by the continuous growth synthesis brings inspiration to the future of 

nanomaterial development. The ultimate goal, would be to apply this approach to the 

entirety of metal oxides. The goal is not too far-fetched, considering in only a few years 

the studies from the approach have already covered approximately 10% of the Periodic 

Table as either host or dopant atoms. It appears that the continuous growth mechanism 

allows for predictable, intuitive design and production of seemingly endless combinations 

of materials, that show promise with their catalytic, optical, magnetic, and electronic 

properties. Looking forward, this synthetic approach should be applied to tackle difficult 

and technologically relevant targets, as well as develop new and exotic heterostructures. 

The combination of multiple materials, incorporated into a layer-by-layer approach, with 

atomic-level composition control can begin to develop advanced nanomaterials that 

possess not only the combination of properties derived from the constituents, but 

potentially exhibit new and synergistic properties that were once inconceivable.  
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APPENDIX A 

 

SUPPORTING INFORMATION FOR CHAPTER IV: TRANSITION METAL-DOPED 

METAL OXIDE NANOCRYSTALS: EFFICIENT SUBSTITUTIONAL DOPING 

THROUGH A CONTINUOUS GROWTH PROCESS 
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Figure A1.  XPS spectra of doped In2O3 nanocrystals.  Compositions shown in Table 3 of 

the manuscript are calculated based on integration of the In 3d5/2 and dopant 2p3/2 peak.  a) 

displays a typical C1s spectra and b) a typical In 3d spectra of the doped and undoped 

nanocrystals.  c) and d) show the Co and Mn 2p spectra from Co: In2O3 and Mn: In2O3 

respectively.  e) and f) display the Zn 2p region of 5% Zn: In2O3 and 20% Zn: In2O3, 

respectively.  g) displays the O1s spectra from 5% Zn: In2O3, and h) 20% Zn: In2O3.  The 

O1s spectra shown in g and h can be fit to four peaks of the same peak shape and a width 

of 1.5 eV; the peak at 529.0 eV corresponds to oxide in In2O3, the peak 0.7 eV greater 

corresponds to oxygen deficient/defect oxide, the peak at 530.9 eV corresponds to 

hydroxide, and the peak at 531.8 eV corresponds to adsorbed oxygen and organic oxygen 

in the ligand shell.1–5  The increase in dopant atom concentration likely leads to the increase 

in oxygen vacancy formation, which displayed in g and h.  Spectra are referenced to the 

C1s hydrocarbon peak at 284.5 eV. 
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Figure A2.  Raw XRD patterns acquired from undoped and doped In2O3 nanocrystals at 

varying dopant concentrations, re-plotted from Figure 2 in the manuscript: a) Mn: In2O3  

b) Fe: In2O3 c) Co: In2O3 d) Zn: In2O3.  The peak present at 43.5 o in some samples is due 

to the silicon substrate.  All acquired patterns match that of cubic In2O3 (bulk pattern shown 

in black in each plot).  e) Displays a typical Rietveld refinement using Fullprof Suite.6 

Background points were picked by hand, and peaks were fit using a pseudo-Voigt profile.  

Once scale, zero offsets, and peak shape were refined, lattice parameters were allowed to 

optimize.  In XRD patterns where the substrate peak is present, an exclusion zone in the 

refinement was added to prevent model optimization from 43-44 o.   
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Figure A3.  FTIR spectra obtained from undoped and doped In2O3 nanocrystals. Unlike 

the undoped nanocrystals (top left), which display a weak plasmon resonance ~1400 cm-1, 

the doped nanocrystals display much stronger plasmon absorbances centered at energies > 

4000 cm-1.  The strong absorbance and the shift of the LSPR to higher energies is an 

indication of an increased concentration of oxygen vacancy formation. 
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APPENDIX B 

 

SUPPORTING INFORMATION FOR CHAPTER III: THE INFLUENCE OF 

NANOCRYSTAL SIZE ON OPTOELECTRONIC PROPERTIES OF  

THIN, SOLUTION CAST Sn-DOPED In2O3 FILMS 

 

 
Figure B1. Powder XRD of 10.7 nm ITO nanocrystal (black trace) compared to 

bulk cubic In2O3 (red trace, JCPDS NO. 76-0152). 

 

 

 

 

 

 

 

 

 

20 30 40 50 60 70

  ITO (nanocrystals)

  ITO (bulk)

In
te

n
is

ty
 (

a
. 

u
.)

2 (degree)



101 

 

Extraction of optical constants using the Drude model 

All modeling and optical constant extractions of the NIR spectra in Figure 3 were 

performed in MatLab. 

The absorbance of the nanocrystal solution can be modeled with the Beer-Lambert 

law 

𝐴 =
𝑁𝜎𝐴𝐿

log(10)
 

where N is the nanocrystal number density (#particles/cm-3), σA is the LSPR absorption 

cross-section of the nanocrystals, and L is the pathlength of the cuvette. The absorption 

cross-section can be calculated using  

𝜎𝐴 = 4𝜋𝑘𝑅3𝐼𝑚𝑎𝑔 {
𝜀𝑁𝐶(𝜔) − 𝜀𝑚

𝜀𝑁𝐶(𝜔) + 2𝜀𝑚
}  

where εm is the dielectric constant of the medium (2.238 for CCl4), εNC is the frequency-

dependent dielectric function for ITO, 𝑘 =  √𝜀𝑚𝜔/𝑐, and R is the nanocrystal radius. The 

frequency-dependent dielectric function for ITO εNC is described by 

𝜀𝑁𝐶(𝜔) = 𝜀∞ −
𝜔𝑝

2

(𝜔2 + 𝑖𝜔𝛤)
 

 

where ε∞ is the high frequency dielectric constant of ITO (taken as 4), ωp is the bulk plasma 

frequency of the free carriers, and Γ is the free carrier damping. The bulk plasma frequency 

ωp is related to Ne through Equation 1 of the main text.  
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Figure B2. TGA analysis of oleate-stabilized ITO nanocrystal (a), mass loss occurs 

around 375 °C. TGA analysis of formate-stabilized ITO nanocrystals (b) after 

exposure to 1M formic acid in acetonitrile, main mass loss occurs near 200 °C, and 

final mass loss occurs around 300 °C. TGA in both cases performed under N2 with 

a temperature ramp rate of 10 °C/min. 
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Figure B3. FT-IR spectra of ligand exchanged films annealed under reducing 

atmosphere (95%/5% N2/H2), displaying a redshift in the LSPR and indicate 

electron delocalization. 

 

 

Calculated Interface density for common packing geometries. 

 

Interface density can be calculated using the average nanocrystal diameter and a 

common packing density geometry (BCC in this example), where the unit cell 

volume is: 

 

𝐴3 = (
4 × 𝑟

√3
)

3

 

 

A is the edge length (cm) of the primitive cell and r is the nanocrystal radius (cm). 

The density of unit cells can be calculated from: 

 

#𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙𝑠

𝑐𝑚3
=  

1

𝐴3
 

 

The interface density is equal to the unit cell density multiplied by the 

coordination number (CN) for the packing geometry (8 for BCC) 

 

#𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒

𝑐𝑚3
=  

#𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙𝑠

𝐴3
× 𝐶𝑁 
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APPENDIX C 

 

SUPPORTING INFORMATION FOR CHAPTER V: RADIAL DOPANT 

PLACEMENT FOR TUNING PLASMONIC PROPERTIES 

 IN METAL OXIDE NANOCRYSTALS 

 

Figure C1.  Elemental analysis of Sn (plotted as total metal %) via XPS and ICP-OES  

versus  shell  thickness  for  In2O3/ITO  core/shell  series. The trend shows an overall 

increase in Sn with increasing ITO shell thickness.  Additionally, measured XPS values 

are larger than ICP-OES values indicating the dopants are localized in the shell.  

 

 

 

 

 

 

 

 

 

 

 



105 

 

Table C1. Size and size dispersion from SAXS analysis for the In2O3/ITO core/shell 

nanocrystal series.  LSPR spectra are shown in Figure 2e in the manuscript.    

 

  

Sample Core size (nm) 
Dispersity 

(1σ, nm) 

Shell thickness 

(nm) 

In2O3 core 6.3 0.8 - 

In2O3/ITO core/shell 8.5 1.0 1.1 

In2O3/ITO core/shell 9.3 1.0 1.5 

In2O3/ITO core/shell 10.0 1.1 1.9 

In2O3/ITO core/shell 10.8 1.2 2.3 

In2O3/ITO core/shell 11.9 1.4 2.8 

In2O3/ITO core/shell 12.5 1.7 3.1 

In2O3/ITO core/shell 13.1 1.8 3.4 

In2O3/ITO core/shell 13.5 1.8 3.6 

In2O3/ITO core/shell 14.4 2.2 4.1 
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Figure C2.  Elemental analysis of Sn (plotted as total metal %) via XPS and ICP-OES  

versus  shell  thickness  for  ITO/ In2O3 core/shell  series. The trend shows an overall 

decrease in Sn with increasing In2O3 shell thickness.  Additionally, XPS values trend to 

zero indicating the dopants are localized in the core.  
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Table C2. Size and size dispersion from SAXS analysis for the ITO/ In2O3 core/shell 

nanocrystal series.    

Sample 
Core size 

(nm) 

Dispersity 

(1σ, nm) 
Shell thickness (nm) 

ITO core 5.3 2.3 - 

ITO/In2O3 core/shell 6.3 1.4 0.5 

ITO/In2O3 core/shell 7.2 1.1 0.9 

ITO/In2O3 core/shell 7.9 0.9 1.3 

ITO/In2O3 core/shell 8.7 1.0 1.7 

ITO/In2O3 core/shell 9.7 1.1 2.2 

ITO/In2O3 core/shell 10.4 1.2 2.5 

ITO/In2O3 core/shell 10.8 1.2 2.7 

ITO/In2O3 core/shell 11.2 1.2 2.9 

ITO/In2O3 core/shell 11.8 1.3 3.2 

ITO/In2O3 core/shell 12.1 1.3 3.4 

ITO/In2O3 core/shell 12.4 1.3 3.6 

ITO/In2O3 core/shell 12.9 1.3 3.8 

ITO/In2O3 core/shell 13.2 1.3 4.0 

ITO/In2O3 core/shell 13.3 1.2 4.0 
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Figure C3. HRTEM images of ITO/In2O3 core/shell nanocrystal (a) and the In2O3/ITO 

core/shell nanocrystal (b).  As shown, no striking structural defects are found in the single 

crystals.  The FFT of the image is shown to the right of the micrographs.  The micrograph 

in a is looking down the [011] zone axis, and the micrograph in b is down the [111] zone 

axis. 
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Figure C4. NIR spectra of ITO nanocrystal core with sub-namometer shells.  

 

 

 

Table C3. Size and size dispersion from SAXS analysis for the ITO/In2O3 core/shell 

nanocrystals with thin undoped shells.   

 

  Sample 
Core size 

(nm) 

Dispersity 

(1σ, nm) 

ITO core 6.9 1.0 

ITO/In2O3 core/shell 7.0 1.2 

ITO/In2O3 core/shell 7.1 1.1 

ITO/In2O3 core/shell 7.2 1.1 
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Table C4. Size and composition data for homogeneous ITO and In2O3/ITO core/shell 

nanocrystals shown in Figure 4.2g. Sizes and size dispersions are from SAXS analysis.  

Elemental analyses are derived from XPS and ICP-OES. 

 

Structure 
Size +/- 1σ 

(SAXS, 

nm) 

Core size 

(SAXS, nm) 
Sn % 

(ICP-OES) 
Sn % 

(XPS) 

ITO 
homogeneous 

7.3 ± 1.1 N/A 9.98 ± 0.05 10.6 ± 0.2 

In2O3/ITO 
core/shell 

14.4 +/- 2.2 6.3 +/- 0.8 9.71 ± 0.06 10.3 ± 0.1 

 

Table C5. Size and composition for homogeneous ITO and ITO/In2O3core/shell 

nanocrystals shown in Figure 4.2h. Size and size dispersion are from SAXS analysis. 

Elemental analyses are derived from XPS and ICP-OES. 

 

Structure 
Size +/- 1σ 

(SAXS, 

nm) 

Core size 

(SAXS, nm) 
Sn % 

(ICP-OES) 
Sn % 

(XPS) 

ITO 
homogeneous 

6.9 ± 1.0 N/A 7.17 ± 0.06 7.1 ± 0.2 

ITO/In2O3 
core/shell 

7.9 +/- 0.9 5.3 +/- 2.3 7.36 ± 0.04 7.5 ± 0.1 
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Figure C5. Example spectra modeling with the Drude equation of ITO/In2O3 nanocrystals 

(left) and In2O3/ITO nanocrystals (right).  Modeling was performed in MatLab as described 

in the Experimental section of the main text. 
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