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ABSTRACT 
 
 

This dissertation examines the origins of free carrier density in semiconductor 

nanocrystals and relates these findings to the observed localized surface plasmon resonances 

(LSPRs). The first chapter introduces some of the most relevant and fundamental concepts in 

solid state physics, nanomaterials, plasmonics, and key analytical instrumentation used for the 

studies. Chapter two focuses on what is likely the most famous example of all plasmonic 

semiconductors, indium tin oxide (ITO) nanocrystals. ITO was one of the first semiconductors 

shown to exhibit a LSPR, a phenomenon previously thought to only occur in metallic systems 

such as gold and silver. In this chapter, the concentration of tin dopant is synthetically tuned to 

investigate its effect on the total number of free carriers generated and their relation to the 

overserved infrared LSPR. One electron chemical titrations are used to show that the Drude 

model is shown to be inaccurate for calculating free carrier concentrations and appropriate 

corrections are proposed.  

The third chapter examines the effect of dopant size mismatch on free carrier generation. 

Al3+, Ga3+, and In3+ doped ZnO nanocrystals are synthesized and shown to exhibit unique mid-

infrared LSPRs that are not dependent on dopant concentration like is seen in ITO. A 

combination of infrared spectroscopy, powder X-ray diffraction, and chemical titrations were 

used to show that better dopant/host ion size matching results in higher free carrier densities. 

This work is further extended in chapter four, where solid state nuclear magnetic resonance 

spectroscopy is used as an element specific probe for Al3+ and Ga3+ doped ZnO nanocrystals. 

Evidence of the formation of an insulating spinel phase (AB2X4) explains the lack of tunability 

of the LSPR with dopant concentration. 
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CHAPTER 1 

INTRODUCTION 

1.1 Band Theory 

1.1.1 Extension from Atomic Orbitals to Bulk Materials 
 

Isolated atoms possess atomic orbitals with discrete energies in which electrons can 

occupy. When atoms form bonds with each other in a molecule, the atomic orbitals begin to 

overlap and form molecular orbitals. For a system with x>>1 atoms such as a bulk crystal, there 

is a large increase in the amount of overlapping atomic orbitals to the point that the orbitals are 

no longer discrete. This leads to the formation of bands of tightly spaced orbitals that the 

electrons can move freely through. Bands tend to form from valence orbitals rather than core 

orbitals due to the smaller energy separations of the states relative to the core. The concepts of 

highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) 

can be translated to band theory to describe the valence band (HOMO) and conduction band 

(LUMO). The valence band consists of the lower energy states that contain the bonding electrons 

while the conduction band represents the higher energy states and can often be described as 

having no electrons.1–4  

1.1.2 Metals vs. Semiconductors vs. Insulators 

The overlap (or lack thereof) of the valence and conduction bands is key to determining 

the electronic properties of the material. Figure 1 shows the three possible band structures. When 

there exists an overlap of the conduction and valence bands, the material is a metal. The 

electrons in the valence band are now free to move into the conduction band due to this overlap 

in energy of the electronic states. This phenomenon is what causes metals to be highly 

electrically conductive. The material can be described as a semiconductor once a small gap is  
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introduced between the valence and conduction bands. This area where no electronic states exist 

is known as the band gap (Eg). The introduction of a band gap prevents electrons from the 

valence band from freely moving into the conduction band without sufficient energy being input 

into the system dependent on the size of the Eg. Common values of Eg for semiconductors range 

from 0.1 to 3.0 eV, which is the threshold energy required to excite an electron from the valence 

band to the conduction band. Semiconductors with Eg>kT will have thermally populated 

conduction bands and higher conductivities than semiconductors with larger band gaps. Once Eg 

becomes large enough (>3.0 eV), the material can be considered an insulator. Insulators typically 

have no free electrons in the conduction band and therefore do are poor electrical conductors. 

Insulators are often optically transparent, since the energy of visible light (1.6-3.2 eV) is not 

enough to excite an electron from the valence band to the conduction band.1–3  

 

 

Figure 1. Examples of band diagrams for a metal, semiconductor, and insulator 
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1.1.3 Fermi Level and Free Carriers 

The Fermi level (EF) is the hypothetical energy at which there would be a 50% 

probability of an electron occupying that state. In a metal, EF can be found somewhere within the 

overlapping bands. This reflects the high conductivity of metals, as there is a high probability of 

electrons residing within the conduction band. In undoped semiconductors and insulators, EF is 

generally considered to fall in the middle of the band gap. This may seem counterintuitive, since 

there are no electronic states for electrons to reside in within the band gap. However, when 

something is forbidden in terms or quantum mechanics it means that there is simply a low 

probability of it occurring. A temperature dependent probability function can be used to describe 

the likelihood of an electron residing within the band gap. By tuning EF, the energy at which 

there is a 50% probability can be controlled.1–3  

Free charge carriers can be generated when EF is found within either the valence or the 

conduction band. Free carriers are quasiparticles and can be divided into two categories, free 

electrons (n-type) and free holes (p-type). EF is typically considered to be static, while the bands 

Figure 2. Band diagrams of undoped, n-type, and p-type semiconductors 
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change energy (Figure 2) to create n and p-type semiconductors. For a n-type system, EF resides 

within the conduction band of the material. This results in free electrons populating the 

conduction band and increased electrical conductivity. The valence band analogues of free 

electrons are known as holes and are created when EF is found within the valence band. Holes 

are essentially a missing electron and are treated as having a positive charge. As EF moves 

deeper into either the valence or conduction band, the total number of free carriers (carrier 

density) increases. The free carrier density is related to the conductivity of the material as well as 

its optical properties.1–3 

1.1.4 Effective Mass 

Free carriers often have a different mass than valence electrons. The effective mass of a 

free carrier (m*) is the mass of the quasiparticle with all forces acting upon it. Free carriers can 

interact strongly with the lattice of the material through a variety of mechanisms, leading to 

values of m* typically ranging from 0.01 to 10 times the resting mass of an electron (me). 

Knowing the m* of a free carrier is key to understanding the conductivity, carrier mobility, as 

well as optoelectronic properties of a material. Forces that can impact m* include electron-

electron scattering, electron-phonon coupling, surface scattering, impurity scattering, and more. 

All of these are forces that couple the free carrier to the lattice or impact the mean free path of 

the carrier. The stronger the coupling or the more scattering centers that are present, the more m* 

will increase. As m* increases, carrier mobility decreases as well as the electric conductivity of 

the material. Since m* is related to the momentum of the free carrier, the degree of curvature of 

the band structure reflects the change in m*. As the degree of curvature of the band increases, m* 

will decrease.1–3 
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1.2 Doping Schemes for Free Carrier Generation 

1.2.1 Intrinsic vs. Extrinsic Doping 

 
Scheme 1. Flowchart of doping mechanisms 

 
All possible semiconductor doping mechanisms can be divided into one of two classes, 

intrinsic and extrinsic doping. Extrinsic doping is what traditionally comes to mind, where an 

impurity is added into the semiconductor at a low concentration to alter its electronic, optical, 

and/or structural properties. One of the most famous examples of extrinsic doping is the case of 

phosphorus doped silicon. Very small amounts (ppm) of phosphorous atoms are incorporated 

into the silicon crystal structure, resulting in a net charge imbalance due to the differing valence 

electron counts of silicon and phosphorous. Free electrons (e-) are then generated to compensate 

for this charge imbalance, creating a n-type semiconductor. A p-type silicon semiconductor can 

be created through extrinsic doping by choosing boron as the dopant instead of phosphorous. 

Since boron has one less valence electron than silicon, one free hole (h+) is generated for every 

boron atom doped into the silicon crystal.5  

Doping Schemes 

Intrinsic Extrinsic 

Aliovalent 

Substitutional Vacancy/Defect 

n-type p-type 

Isovalent 

Interstitial 
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Intrinsic doping constitutes a smaller class of materials since the dopant is a defect within 

the material and no outside impurities are introduced. This typically occurs due to the 

semiconductor becoming off stoichiometric during either the formation of the crystal or because 

of post-synthetic modification. Intrinsic doping can be either n or p-type and used to control the 

number of free carriers generated in the same way that extrinsic doping operates. However, the 

key distinction between the two is that no foreign atoms are introduced to the semiconductor for 

an intrinsic doping process.6  

1.2.2 Vacancy Doping  

Vacancy doping is the most common type of intrinsic doping. One of the most famous 

examples is n-type ZnO, where the presence of oxygen vacancies results in a deviation from the 

1:1 stoichiometry and generates free electrons to compensate for the charge imbalance created.7,8 

The pure ZnO material will possess zero free carriers, while the n-type carrier concentration will 

increase as the number of oxygen atoms in the system decreases. Each oxygen vacancy generates 

two free electrons because the oxygen ion carries a charge of two minus. Vacancy doping can 

also occur for the cation of the semiconductor, although it is less common. 

1.2.3 Isovalent vs. Aliovalent Doping 

Extrinsic dopants often incorporate substitutionally, meaning the foreign dopant atom 

replaces an atom within the crystal and maintains the same overall crystal structure. 

Substitutional dopants can then be classified into two categories, isovalent and aliovalent. 

Isovalent dopants are those with the same oxidation state as the atom that they are substituting.6,9 

An example of isovalent doping is Ga:In2O3. The gallium dopant will substitute at the indium 

sites and both ions possess a three plus charge. This means that no free carriers will be generated 

because no charge imbalance is created by the incorporation of gallium. However, the size 
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differs between gallium and indium, which can affect the energies of phonons within the 

material.  

Aliovalent dopants do have a difference in oxidation state from the atom that they are 

substituting. Therefore, aliovalent doping does result in a net charge imbalance and the 

generation of free carriers. These free carriers can be n or p-type depending on the identities of 

the dopant and host atoms. An famous example of aliovalent doping is Sn:In2O3.10–12 Here, the 

tin can possess either a two or four plus charge, while the indium will remain three plus. In either 

case, the tin will be aliovalent, create a net charge imbalance, and therefore generate free 

carriers. The concentration of the aliovalent dopant is directly correlated to the resulting free 

carrier concentration. The larger the difference between the dopant oxidation state and host ion 

oxidation state, the greater the number of free carriers that will be created is.   

1.2.4 Interstitial Doping 

While substitutional dopants sit on atomic crystal sites, interstitial dopants lie in the 

spaces within the crystal structure where there are no host atoms. Since no atom is being 

replaced, the total additional charge created by interstitial dopants needs to be compensated for. 

One example of interstitial doping is in Cs:WO3.13,14 Here, the cesium dopant ions lie in the 

negative space of the WO3 crystal structure. Interstitial doping is typically limited to small 

dopant ions as they must fit within the crystal structure with minimal perturbation.  

 

1.3 Bulk vs. Nanoscale Materials 

1.3.1 Effects of Surface Area to Volume Ratio 

The optical, chemical, and electronic properties of a material can change significantly as 

size decreases to the nanoscale regime. One of the most important factors causing such change is 
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the relation between surface area and volume (SA:V). This ratio is one of the defining 

characteristics of nanomaterials. In a bulk material, SA:V is extremely low. This means that the 

properties of the sample are determined by the atoms that are not at the surface, since they 

constitute a much higher percentage of the sample. Bulk materials can be thought of to behave 

more ideally since >99% of the atoms reside in environments reflecting the unit cell if it is a 

crystalline material. Deviations from this chemical environment will exist at the surface, but the 

surface atoms make up too small of a percentage to affect the properties of the material.15  

The opposite is true for a nanoscale material. SA:V is very high at the nanoscale, 

meaning that a significant portion of the atoms reside at or near the surface of the material. This 

results in large deviations from the ideal crystal structure to dangling bonds and incomplete unit 

cells. The surface is also an interface between the material itself and the surrounding 

environment. Therefore, most of the atoms within the nanoscale material will interact with the 

surrounding environment instead of other atoms that make up the material. This makes nanoscale 

materials much more sensitive to changes in their environment and can cause significant 

deviations in the crystal structure near the surface of the particle.15  

1.3.2 Size Effects on Electronic Properties  

The electronic properties of a material can change drastically as the size moves into the 

nanoscale. Specifically, there exists a regime in between molecular and nanoscale systems where 

bulk band theory begins to break down. This is known as quantum confinement and occurs when 

a material becomes smaller than its Bohr radius. When a material is within the quantum 

confinement regime, its band gap becomes inversely proportional to its size. Many quantum 

confined nanomaterials are emissive, therefore the color of this emission can be tuned by 

controlling the size of the particles. Eventually, the particle becomes so small that discrete 



9 

electronic states form. These states lie within the bandgap and severely alter the electronic and 

optical properties of the sample.16 

1.3.3 Surface Effects on Free Carriers 

Nanoscale confinement can also affect both the number of free carriers and their 

properties. As the mean free path of the free carrier is reduced, so too is the carrier mobility. The 

carrier mobility is related to both its effective mass as well as the electric conductivity of the 

sample. The maximum mean free path of a free carrier in a nanomaterial is inherently limited by 

the dimensions of the particle. This confinement can be in one, two, or three dimensions and 

each of these vary in how the free carrier is affected. In a 0D material, such as a spherical 

quantum dot, the majority of the sample can consist of surface atoms. This reduces the mean free 

path of the free carriers by introducing larger amounts of surface scattering. The surface of a 

nanocrystal can also trap free carriers. Once a free carrier becomes pinned at the surface, it is 

effectively localized and its effective mass increases. These carriers are more similar to valence 

electrons rather than conduction electrons.15 

 

1.4 Surface Plasmon Resonances and LSPRs 

1.4.1 Permittivity 

An electrically insulating material that can be polarized is known as a dielectric. In this 

instance, polarization refers to the ability of the field to form an instantaneous electric dipole in 

the material. This electric dipole forms because of shifting electric charges within the insulating 

material. Permittivity is the measure of the degree of polarizability of the material as a function 

of the frequency, magnitude, and direction of the applied electric field. Permittivity is often 

discussed in terms of relative permittivity, which is a normalizes absolute permittivity by 
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dividing the value by the permittivity of free space constant. The relative permittivity of a 

material as a function of frequency can be represented by a complex dielectric function 

consisting of a real and an imaginary component. The real component represents the ability of 

the material to scatter light, while the imaginary term is the lossy or absorptive term.17 

1.4.2 Surface Plasmon Resonances  

 

When the dielectric function is a positive and real function, then all optical interactions 

with the material will consist purely of scattering If the dielectric function is complex with a 

positive real component, then the optical interactions will also include Rayleigh scattering. A 

third possibility occurs when the dielectric function is complex and contains a negative real term. 

The optical extinction reaches a maximum at the point that the real component crosses zero and 

this phenomenon is known as a surface plasmon resonance (SPR). A SPR can be thought of as a 

collection of free carriers that oscillate and propagate across a surface when excited with a 

resonant frequency of light, as shown in Figure 3. SPRs can be observed in materials with high 

carrier densities such as noble metals like gold and silver.6 

Figure 3. Depiction of a SPR wave at the surface of a material 
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1.4.3 Localized Surface Plasmon Resonances 

When a plasmonic material is confined so that the diameter of the particle is less than the 

wavelength of the SPR divided by 20, the SPR is no longer free to propagate across the surface 

of the material. Instead, the SPR oscillates back and forth and is now known as a localized 

surface plasmon resonance (LSPR).6 This makes LSPRs unique in that they can overcome the 

diffraction limit of light. Nanocrystals (NCs) as small as 5 nm can host LSPRs and confine light 

from the visible through the infrared regions. One powerful example of this is aluminum doped 

zinc oxide NCs that can strongly absorb 5000 nm infrared light even at a size of 10 nm in 

diameter. Figure 4 illustrates how the free carriers collectively oscillate when irradiated with 

resonant light. In this example, the free charge carriers are conduction band electrons (n-type) 
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Figure 4. Oscillation of plasmon in response to incoming resonant electric field 
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and therefore the plasmon moves opposite of the maximums in electric field generated by the 

incoming light. 

1.4.4 Sensitivity to Local Dielectric Environment 

LSPRs are interfacial dielectric phenomena, which causes these quasiparticles to be 

extremely sensitive to changes in the dielectric function at the surface of the NC. As the local 

dielectric field changes, the frequency of the observed LSPR is tuned. The three major dielectric 

constants the affect the LSPR are the NC itself, the capping ligand, and the surrounding 

environment. The environment that the NCs reside could be a solvent, air, or potentially even 

other NCs depending on the packing density. The dependence of the LSPR frequency on the 

dielectric constant of its environment makes plasmonic NCs powerful chemical sensors. As the 

local dielectric constant changes, the plasmon will shift to higher or lower frequencies depending 

on the sign of the change.18  

1.4.5 LSPR Extinction 

The extinction coefficient is a measure of how well a molecule or material absorbs a 

particular frequency of light. It is used to compare the absorbing capabilities of different 

samples. Typical values for poor absorbers such as lanthanides are in the range of 102-103 M-

1*cm-1, while common molecular dyes reach values of 106 M-1*cm-1. One of the most unique 

properties of LSPRs is their extraordinarily high molar extinction coefficients. A study of 

plasmonic Sn:In2O3 (ITO) NCs of various sizes and doping levels revealed extinction 

coefficients as high as 108 M-1*cm-1, which is four orders of magnitude higher than commercial 

infrared dyes.19 This means that plasmonic materials are extremely efficient light harvesters, 

which is the first step towards their applications in photocatalysis and energy transfer. 
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1.4.6 Near Field Enhancement 

One of the most well-known applications of plasmonic materials is in surface enhanced 

Raman spectroscopy.20–22 This variation on a typical Raman measurement involves adsorbing the 

sample onto a rough metallic surface, typically gold, and subsequent measure of the Raman 

scattered light. The plasmonic gold surface interacts with the sample and results in an 

enhancement of the detected Raman signal of up to 1011.23 This drastic increase in sensitivity can 

even allow for the detection of single molecules. The mechanism of this increase in scattering is 

due to the plasmonic modes at the gold surface. The adsorbed sample can interact with these 

plasmonic modes in the near field, which is typically defined as within one wavelength. In a 

typical Raman experiment, the wavelengths of incident light used are from the visible region. 

This means that the near field regime is approximately 0.5-0.8 microns from the gold surface. 

Adsorbed samples that enter this region undergo an effect called near field enhancement (NFE), 

which is the mechanism that causes the drastic increase in Raman signal from the sample.22  

Hot spots of increased near field enhancement typically form at corners or edges of 

plasmonic materials. While a spherical NC may have slight hot spots at the poles, a cubic 

morphology results in increased NFE at each of the corners.24 It is for this reason that a 

roughened metal surface is used for surface enhanced Raman spectroscopy to maximize the 

amount of NFE. By increasing the number of edges and corners, the number of localized NFE 

hot spots will increase. Various gold morphologies and packing densities have been compared to 

measure the increase in sensitivity of Raman measurements.23 NFE increases with anisotropy of 

the NCs and therefore so does the measured Raman signal. The number of NFE hot spots can 

also increase as interparticle spacing decreases. As the number of NC-NC interactions increase, 

new hot spots can form and the localization of the NFE can also increase. The third method of 
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increasing NFE is to increase the quality factor (Q-factor) of the LSPR. The Q-factor is a 

measure of the plasma frequency of the LSPR divided by the full width-half maximum (FWHM) 

of the extinction feature. The degree of NFE increases with Q-factor, therefore higher energy 

LSPRs with a narrow linewidth are better options for increases Raman sensitivity.25,26 

 

1.5 Drude Model 

1.5.1 Basis of the Drude Model 

The Drude model is one of the earliest attempts to describe the conduction of electrons in 

a solid. The original Drude model predates Rutherford’s model of the atom and was established 

shortly after Thompson’s discovery of the electron. Drude built his model on the assumption that 

a solid was composed of positively charged scattering centers and that a sea of negatively 

charged electrons created the neutral charge.27 These electrons are free to move around the solid 

under the assumption of Brownian motion. The Drude model uses the kinetic theory of gasses to 

accomplish this and therefore treats the sea of electrons as a gas. The frequency dependent 

dielectric function of a solid can be derived from the Drude model as shown in the following 

equation, 

𝜀(𝜔) = 1 − !"!

#"$∗%!
       (1) 

where ω is the frequency, n is the total number of free electrons, e is the charge of an electron, ε0 

is the permittivity of free space, and m* is the effective mass of the charge carrier.28 This function 

describes the total dielectric function of the material and can be used to describe the LSPR. 

When the frequency is held constant at the plasma frequency (ωp), the equation can be rewritten 

as follows: 

𝜔& = ( !"!

#"$∗            (2) 
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where ωp represents the resonant frequency of the plasmon oscillation. This equation is used 

extensively in the literature to relate the experimentally measure ωp to the free carrier density of 

the sample.9,29–33 As the number of free carriers increases, so too does the frequency of the 

observed LSPR. The inverse relationship is true for the effective mass of the free carrier, where 

decreasing m* results in higher energy LSPRs.  

1.5.2 Relation between Plasma and Plasmon Frequency 

While the plasma frequency of a SPR can be determined by absorption experiments 

alone, the ωp of a LSPR can differ from the observed LSPR frequency (ωLSPR). This relationship 

can be described by the following equation: 

𝜔'()* =
%$

+#%,-
             (3) 

where ε∞ represents the high frequency dielectric constant of the material.6,11 This effect happens 

due to the plasmon no longer being free to propagate across the surface of a material and instead 

being localized. An example of this is seen in the LSPR of ITO NCs, where ε∞ is equal to 4.08.34 

This results in the frequency of the observed LSPR being almost 2.5 times lower than the actual 

ωp. Assuming these two values to be identical can result in large errors in the calculation of the 

free carrier density using equation 2.  

1.5.3 Frequency Independent and Dependent Damping 

The Drude or free electron contribution to the overall dielectric function of a material can 

be described using the following equation: 

𝜀.(𝜔) = − %$!

%!,/%0
         (4) 

where Γ represents a damping constant of the plasmon resonance. This damping constant 

describes the sum of all possible free carrier scattering mechanisms, which ultimately determine 

the lifetime and the linewidth of the plasmon. These scattering mechanisms include electron-
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electron (el-el), hole-hole (h-h), el/h-phonon, el/h-impurity, interband, and surface scattering.28 

These mechanisms can result in a decreased mean free path of the carrier, increased effective 

carrier mass, and shorter plasmon lifetimes.  

 The damping constant can be thought of as frequency independent or dependent. Ignoring 

frequency dependence typically results in poor fits of the LSPR and can lead to incorrect 

calculations of the free carrier density and effective mass. To account for frequency dependent 

damping, the constant is broken down into four more constants in the following equation: 

Γ = 𝛾' −
1&21'
3

+tan24 +%21(
1)

/ + 3
-
/         (5) 

where γL is the low frequency damping constant, γH is the high frequency damping constant, γX is 

the crossover frequency, and γW is the crossover width. The low and high frequency damping 

constants are named with respect to the resonant frequency of the plasmon. The crossover 

frequency is the region where the damping changes from high to low and the crossover width 

defines the boundaries of this region. Most plasmonic materials exhibit asymmetric extinction 

features reflecting the frequency dependence of the various scattering mechanisms.28 

 

1.6 Noble Metal vs. Semiconductor LSPRs 

1.6.1 Typical LSPR Frequencies 

The earliest known plasmon resonances were observed in noble metals such as silver and 

gold.32,35,36 Metals intrinsically possess high free carrier densities due to their overlapping 

valence and conduction bands. This results in high frequency LSPRs that can be found in the 

visible region. Since the number of free carriers cannot be changed in a metallic system and 

resonant wavelength of a LSPR is highly dependent on the free carrier concentration, noble 

metal plasmons are typically limited to visible wavelengths.32 Semiconductors are defined by the 
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introduction of a band gap and therefore do not have overlapping valence and conduction bands. 

This results in semiconductors having far fewer free carriers than metals. Semiconductor LSPRs 

are thus typically found in the near and mid-infrared regions.37,38  

1.6.2 Advantages of Semiconductors over Noble Metals 

The ability to host infrared LSPRs provides semiconductors several advantages over 

noble metals. One of these is the lack of absorbing features in the visible region. This means that 

semiconductors can host strongly absorbing plasmon resonances while simultaneously remaining 

completely transparent to the human eye. Many plasmonic semiconductors have intrinsically 

wide bandgaps (Sn:In2O3, Al:ZnO, TiO2-x)10,39,40 and are especially suited for applications 

requiring the transmission of visible light. The wide range of infrared LSPR frequencies 

observed in semiconductors also opens the door to many applications that are inaccessible by 

noble metals. Examples of these include thermal waste management,41 on-resonance surface 

enhanced Raman,22 photon upconversion,42 and more.  

1.6.3 Tuning Free Carrier Density 

The most important advantage of plasmonic semiconductors over noble metals is the 

ability to tune their free carrier density and therefore the frequency of the LSPR. Free carrier 

concentrations are commonly tuned via aliovalent doping, with the most famous exampling 

being plasmonic ITO NCs.10,29 By controlling the concentration of tin dopant, the LSPR can be 

tuned from the mid-infrared region to as high in energy as 1600 nm. This method can be used to 

control free carrier density in both n and p-type systems.6,18 The concentration of interstitially 

incorporated dopants can also be used to control the number of free carriers, as seen in the case 

of Cs:WO3 NCs.13,14 Free carrier density can also be tuned using intrinsic doping methods such 

as vacancy doping. Creating oxygen vacancies in WO3-x NCs results in two free electrons 
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generated per vacancy. The number of oxygen vacancies can be controlled by varying synthetic 

conditions, resulting in specific WOx phases with different LSPR frequencies.  

1.6.4 Tuning Effective Mass 

Although carrier density is the primary method for tuning LSPR frequencies seen in the 

literature, it is not the only way. The plasma frequency of a material is also inversely 

proportional to the effective mass of its free carriers. Heavier carriers result in low energy 

LSPRs, while lighter carriers can push the LSPR even into the visible region. This is another 

advantage of semiconductors over noble metals, where the effective mass of the free carriers can 

be difficult to change. One simple method for tuning the effective mass without altering the 

carrier density in a semiconductor is through isovalent substitutional doping. By replacing a host 

atom with a larger or smaller dopant atom of the same valency, the strength of free carrier-

phonon interactions can be tuned, resulting in a tunable m*.  

 

1.7 Analytical Instrumentation 

A wide variety of spectroscopic techniques are needed to fully characterize plasmonic 

semiconductor NCs. The information that can be obtained is dependent on the frequency of 

electromagnetic spectrum that is used to probe the sample. This section details what can be 

learned by irradiating a sample using ultraviolet (UV), visible, infrared (IR), and radio 

frequencies.  

1.7.1 Ultraviolet-Visible-Near Infrared Spectroscopy 

Ultraviolet-Visible-Near Infrared (UV-Vis-NIR) spectrometers use the frequencies listed 

in the name to measure the absorption of a sample. This is accomplished by probing the sample 

with a single wavelength at a time and measuring the amount of light that is transmitted through  
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the sample. The measured transmittance can then be converted to absorbance using the Lambert-

Beer law: 

𝐴 = 𝜀𝑏𝑐               (6) 

where A represents the absorbance, ε is the molar extinction coefficient of the sample, b is the 

optical pathlength, and c is the concentration of the sample. In practice, this is accomplished by 

using a white light source (or infrared lamp) that contains all the frequencies of interest and 

separating each wavelength by using a monochromator. The angle of the dispersive grating 

within the monochromator is changed so that sample is probed by a single wavelength, which is 

systematically tuned from low to high energy. The sample is suspended in an appropriate solvent 

at a dilute concentration to limit sample-sample interactions. The transmitted light is then 

measured by a detector and converted to absorbance as shown in Figure 5.43  

A blank spectrum of the is first collected to correct for background absorption from 

factors such as the solvent or the cuvette. Afterwards, the blank is replaced with the sample and 

the same experimental parameters are used to measure the sample. Simple subtraction of the 

blank spectrum from the sample spectrum results in the absorption of the sample by itself. 

Valence electron transitions are typically observed in the UV and visible regions. UV-Vis-NIR 

experiments can also be used to measure the bandedge absorption of NCs as well as the LSPR 

Figure 5. Dispersive setup for a UV-Vis-NIR spectrometer 
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extinction feature for samples with high plasma frequencies. Changes in the free carrier density 

will result in shifts of both the LSPR and optical band gap, therefore UV-Vis-NIR experiments 

are critical towards examining the impact of doping on the material’s properties.43 

1.7.2 Fourier Transform Infrared Spectroscopy  

 

UV-Vis-NIR spectrometers are typically limited to about 3000 cm-1 in the IR region. This 

is due to the limits of detection in the IR that can be reached using a dispersive setup. However, 

there is a great deal of important information in the mid and far infrared regions (4000-50 cm-1) 

including vibrational transitions and low energy LSPR features. Rather than using a dispersive 

setup which includes a monochromator and measures each frequency individually, modern IR 

spectrometers utilize a Michelson interferometer (Figure 6) to measure all frequencies at the 

same time.44  

The interferometer works by splitting the broadband IR light into two beams, which are 

directed at a stationary and a moving mirror. When the mirrors are the same distance away from 

the beam splitter, the light will recombine constructively at the beam splitter. When the moving 

mirror is positioned so that the phase of the light is modulated by half of a period, the light will 

Figure 6. Michelson interferometer used to generate 
interferogram in FTIR measurements 
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then recombine destructively. The position of the moving mirror is adjusted throughout the 

measurement to create varying degrees of interference. This light is then directed at the sample 

and detector analogous to a UV-Vis-NIR spectrometer. Rather than measuring the intensity of 

each wavelength independently, the intensity of the broadband light is measured over time. This 

plot of intensity vs. time is known as an interferogram. A background interferogram is first 

collected and subtracted from the sample interferogram. The interferogram can then be converted 

from the time domain into the frequency domain by using a Fourier transform, giving us the 

name Fourier transform infrared (FTIR) spectroscopy. This instrumental setup allows for faster 

data collection with less background noise, making FTIR measurements fast and accurate. The 

resolution of the spectrum can be increased by moving the mirror over a greater distance and the 

S/N can be increased by collecting more scans.44  

1.7.3 Nuclear Magnetic Resonance Spectroscopy 

 

While UV-Vis-NIR and FTIR examine electronic and vibrational transitions respectively, 

Nuclear Magnetic Resonance (NMR) spectroscopy probes the absorption of radio frequencies by 

nuclear spins. These measurements reveal information about the local chemical environment of a 

Figure 7. Zeeman splitting of the nuclear spin under 
a magnetic field for I=1/2 
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specific element of interest, a major advantage over many other non-selective optical 

measurements. NMR operates under many of the same principles as other steady-state absorption 

techniques.  

When subjected to a static magnetic field, a nucleus with a spin of (I) of 1/2 will undergo 

a process known as Zeeman splitting and the degeneracy of the two spin states will be lifted. 

This results in the spin 1/2 state (𝛼) being of lower energy than the spin -1/2 state (𝛽), as shown 

in Figure 7. Analogous to the HOMO – LUMO transition in UV-Vis, a nuclear spin can be 

excited from the lower energy 𝛼 state to the higher energy 𝛽 state when a photon matching the 

energy of this transition is absorbed. In NMR, this resonance condition corresponds to the radio 

frequency (r.f.) region of the electromagnetic spectrum.45 

 NMR signals can be observed for any nuclei that possesses a non-zero value for its 

nuclear spin. If I=0, then the nuclear spin state will not be separated under a magnetic field and 

there is no transition to analyze. This is the case for isotopes where both the number of protons 

and neutrons is even, such as 12C or 16O. Nuclei with I=1/2 are known as dipolar and exhibit only 

one NMR transition. Common dipolar nuclei frequently studied via NMR include 1H, 13C, 19F, 

Figure 8. Allowed NMR transitions for a I=3/2 system 
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and 31P. When I>1/2, the nucleus is known as quadrupolar, and the number of possible 

transitions increases. For example, a spin 3/2 nucleus will split into four non-degenerate spin 

states under a magnetic field (Figure 8). The introduction of satellite transitions results in a 

broadening of the observed NMR signal. It is important to note that only m=±1 transitions are 

allowed, resulting in only three possible transitions. Nuclei can have spins up to 9/2 (one central 

and 8 satellite transitions) such as 115In and 209Bi. The degree of quadrupolar splitting and 

therefore the linewidth of the resulting NMR feature is dependent on the strength of the magnetic 

field of the spectrometer. Experiments on nuclei with large quadrupolar moments are typically 

performed at high magnetic fields to narrow the quadrupolar broadening of the features for easier 

interpretation.45  

 To measure the NMR spectrum of a sample, it is placed inside the bore of the 

spectrometer and subjected to the static magnetic field dependent on the instrument. The nuclear 

spins align parallel (or anti-parallel) to the magnetic field B0. A short r.f. pulse is then used to 

excite the sample, which knocks the spin out of alignment with B0. The frequency of the pulse is 

tuned to match the resonance condition of the nucleus that is to be observed. This induces an 

orthogonal magnetic field (B1) to be generated that can then be measured by the current it is 

causes in the coil surrounding the sample. The strength of this current is then measured over time 

and used to create what is known as the free induction decay or FID. The FID can then be 

converted into the frequency domain by using a Fourier transform, analogous to FTIR, resulting 

in a NMR spectrum. The simplest and the most common pulse sequence is known as a Bloch 

decay. It uses a single 90° pulse to align the spins perpendicular to B0 and then the FID is 

measured after the completion of this pulse.45	
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1.7.3.1 Solution NMR. Most NMR experiments are performed in the solution state. This 

is advantageous compared to solid state because the sample is free to rotate and tumble, which 

causes any anisotropy to be averaged. Samples are first dissolved in an appropriate solvent such 

as a deuterated chloroform. Using a deuterated solvent is critical when performing 1H NMR so 

that the signal from the solvent protons does not drown out the sample of interest. Deuterated 

solvents are also used to lock the spectrometers by calibrating to the deuterium signal. This is 

important to account for field drift and is also used to shim the magnetic field. Shimming is a 

process where the magnetic field is adjusted to eliminate inhomogeneities that would otherwise 

result in broadening of the NMR signals.45  

Solution NMR is often used to analyze small organic molecules for purity and chemical 

structure. Today, 1H spectra can be acquired in a few seconds and 13C in a few minutes. Solution 

NMR is also utilized to examine ligands coordinated to the surface of nanocrystalline materials. 

Since the molecules are bound to a relatively large crystal, the ligands are not free to tumble like 

they typically are in a solution measurement. This results in an enhancement of the nuclear 

relaxation rate and a broadening of the observed peaks. The increase in peak width helps identify 

which ligands are bound to the surface of the NCs and which are simply dissolved in the 

solution. Multidimensional pulse sequences can also be utilized to examine homo- and 

heteronuclear spin couplings of various nuclei. Such experiments can help identify how ligands 

are bound and what the surface of NCs look like. However, solution NMR measurements are 

often inadequate for studying the NC itself due to factors such as solubility, sample 

concentration, and probe capabilities. Solid state NMR spectrometers can be used to address 

these issues.  
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1.7.3.2 Solid State NMR. Solid state NMR (SSNMR) spectrometers operate using many 

of the same principles as solution measurements, except for that the sample is prepared in the 

solid state, typically as a fine powder. There are number of additional challenges that arise when 

performing SSNMR measurements compared to common solution studies. One of the primary 

issues is that the sample is not free to tumble like it is in solution, therefore the various 

anisotropic NMR interactions are not averaged out. This results in much broader and intricate 

lineshapes that are more different to interpret but contain much more information about the 

sample.46 

SSNMR experiments have several advantages over solution measurements. The most 

important of these is that samples that are too large to be dissolved, such as NCs and bulk 

materials, can be measured without the need for a deuterated solvent. This also means that there 

is no need to lock on the deuterated solvent because none is used. Instead, SSNMR experiments 

are calibrated using a reference standard for the nucleus of interest. Since SSNMR signals are 

much broader than solution measurements, it is also unnecessary to shim the magnet. Shimming 

is very important for solution measurements, where the observed signals are typically very 

narrow. However, the magnetic fields of today’s spectrometers are already homogenous enough 

for accurate solid-state measurements without the need for shimming due to their increased 

linewidths.46 

One of the most important developments in the field of SSNMR was the introduction of 

magic-angle spinning (MAS). This technique involves rotating the sample around an axis at 

54.74° (known as the magic angle) to simulate motion and overcome some of the anisotropic 

interactions. Samples are typically spun at rates from 1-35 kHz but can even go as high as 100 

kHz. The spinning rate must be greater than the linewidth of the dipolar coupling to completely 
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average the anisotropy to zero. The spinning speed is often insufficient, and a manifold of 

spinning sidebands (ssb’s) is observed. These ssb’s are sharp peaks that appear at multiples of 

the MAS rate away from the isotropic chemical shift. ssb’s can be identified by changing the 

MAS rate and observing which peaks in the spectrum shift in frequency. This is also used to 

identify the isotropic chemical shift, as it is not necessarily the peak of the highest intensity.46  

 

 

Specialized pulse sequences are often used in SSNMR experiments to increase S/N or to 

measure broad patterns. One of the most common pulse sequences is known as spin-echo. It 

consists of a single 90° pulse followed by a delay period (τ), and then a 180° pulse that refocuses 

the relaxing spins (Figure 9a). The acquisition then begins once the signal has reached maximum 

intensity and the FID is recorded. This pulse sequence helps maximize S/N and avoid issues due 

to ringdown by delaying the start of the acquisition from the end of the last pulse. The first pulse 

can also be changed to other angles (30°, 45°, etc.) to cut down on the recycle delay so that more 

scans can be collected in a shorter period.46  

The spin-echo sequence can be flipped (180° pulse, followed by 90° pulse) to measure 

the spin-lattice relaxation (T1) of a sample using what is known as a saturation recovery 

Figure 9. Schematics of a (a) spin-echo pulse sequence and (b) a CPMG 
pulse sequence 
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experiment. The delay time between the pulses is systemically changed to modulate the signal 

intensity and phase of the NMR feature. The resulting change in intensity can then be fit to an 

exponential to calculate T1. T1 is also known as longitudinal relaxation and is the measure of the 

nuclear spin decay in the z direction, in line with B0. The length of T1 is often the limiting factor 

determining the recycle delay, which is how long the spectrometer waits between scans. The 

recycle delay must be set to at least five times greater than the T1 to allow for the nuclear spin to 

fully relax to its ground state.46 

Another common SSNMR pulse sequence is known as Carr-Purcell Meiboom-Gill or 

more commonly, CPMG. This sequence is similar to a spin-echo but with the addition of more 

180° pulses with the same echo delay to continually refocus the spins (Figure 9b). CPMG 

sequences create a spikelet pattern that outlines the lineshapes of the NMR features of interest. 

By concentrating the signal into smaller frequency ranges, the overall S/N can be increased 

substantially.47,48  

CPMG sequences can also be used to measure the spin-spin relaxation (T2). T2 relaxation, 

also known transverse relaxation, measures how fast the nuclear spin decays in the xy plane, 

orthogonal to B0. The decay of the overall intensity with each subsequent echo can be fit to an 

exponential to extract T2. T2 relaxation can be related to linewidth of the observed feature, where 

shorter values correspond to broader NMR signals. CPMG sequences are ineffective for samples 

where T2 is so short that multiple refocused echoes cannot be generated.46 

One of the most important pulse sequences that can only be utilized in the solid state is 

cross polarization-magic angle spinning or CP-MAS. CP-MAS uses two channels on the 

spectrometer simultaneously, typically the 1H and X channels, to enhance the S/N of an 

experiment while often decreasing the recycle delay (time between scans). While the sample is 
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spinning on the magic angle, a proton nearby the nucleus of interest is first irradiated to build up 

sufficient polarization. This polarization is then transferred to the nearby X nuclei over a period 

known as the contact time. The CP process leads to the X nucleus being as easy to polarize as a 

proton and the recycle delay is now only dependent on the T1 of the proton, which is typically 

much shorter than other common SSNMR nuclei. Efficient CP can be accomplished despite the 

two nuclei having different Larmor frequencies by relying on what is known as the Hartmann-

Hahn matching condition. The power on each channel is adjusted so that both spins precess at 

the same frequency in the rotating frame, a process known as spin-locking. The contact time can 

then be adjusted to achieve CP, typically limited to about a 1 nm distance between the nuclei.46  

Recently, SSNMR has become more user friendly to non-experts as pulse sequence and 

spectrometer design has improved. This has allowed for users in the nanocrystal and quantum 

dot communities to leverage the technique as an element specific probe for investigating 

nanomaterials. The Strouse group has previously used 113Cd and 77Se SSNMR to investigate 

surface reconstruction in CdSe quantum dots (QDs).49 This 2004 investigation was one of the 

first examples of the power of SSNMR towards advancing our understanding of nanocrystalline 

structure. In this work, a 2D 77Se {1H} HETCOR spectrum was measured to identify the unique 

77Se sites located on the surface of the QD. This single experiment using a 7 T spectrometer 

required 21 days to collect, rendering similar experiments infeasible due to time and cost 

constraints. Nowadays there is much greater access to higher field spectrometers and more 

sophisticated pulse sequences that can greatly reduce the amount of experimental necessary for 

such measurements.  

One such method that can greatly improve S/N, reduce experiment time, as well as 

selectively probe the surface of a nanomaterial is dynamic nuclear polarization (DNP) NMR. 
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DNP operates in a similar fashion to CP-MAS, only the initial nucleus that is polarized is instead 

a nearby electron. While protons have much higher gyromagnetic ratios than all other nuclei, the 

value for electrons is substantially higher. This means that the Larmor frequency of an electron 

can be found in the microwave region rather than the radio wave, a fact already leveraged in the 

electron paramagnetic resonance (EPR) experiments. Therefore, if one can combine the 

sensitivity of EPR with the element specificity of NMR, then a great deal of information about a 

NC very quickly. In a DNP experiment, a microwave field is first used to polarize an electron 

radical impregnated within the sample of interest. This polarization is then transferred to a 

nearby proton, followed by the nucleus of interest. Analogous to the increase in S/N obtained by 

using CP-MAS, DNP experiments can increase signal by 50,000 times due to the high Larmor 

frequency of an electron.50  

The significant improvements in S/N attained through DNP-NMR mean that experiments 

that would normally take weeks can now be accomplished in hours. Rossini and coworkers 

recently used DNP to investigate the surface of Cd treated InP QDs.51 DNP enhanced 2D 

31P{113Cd} D-HMQC experiments were performed in 16 hours rather than 3 weeks. The results 

showed that postsynthetic Cd treatment causes Cd incorporation into the surface lattice of the 

QD as well as Cd carboxylate groups binding to surface P sites. Rossini has also followed up on 

the Strouse group’s earlier CdSe studies by using DNP.52 The sensitivity enhancement of DNP 

allowed for experiments including 2D 113Cd-113Cd, 77Se-77Se, and 113Cd-77Se to be conducted to 

further elucidate the nature of nanocrystal’s surface in both spherical and platelet morphologies. 

Such experiments show the power of SSNMR over X-ray diffraction for NC crystallography.  
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CHAPTER 2 

EXAMINING FREE CARRIER EFFECTS IN PLASMONIC TIN DOPED 
INDIUM OXIDE (ITO) NANOCRYSTALS 

 
2.1 Introduction 

A growing interest in plasmonic semiconductor nanocrystals (PSNCs) generated by 

aliovalent doping of wide band gap semiconductors has appeared due to the observation that the 

LSPR frequency and extinction are directly dependent on the carrier density at the Fermi 

level.31,37,38,40,53–56 In PSNCs, the LSPR extinction feature arises from the coherent oscillation of 

carriers introduced at the Fermi level by carrier delocalization into the valence (p-type) or 

conduction (n-type) band upon doping. LSPRs are well known in coinage metals where the 

carriers are treated as a Fermi gas and an extinction feature in the visible regime is observed that 

is dampened by electron-electron and electron-phonon interactions.20,21,32,35,36,57–59 The observed 

frequency is attributed to the interference of the real and imaginary terms of the dielectric 

function. In PSNCs, the LSPR feature is highly tunable but occurs in the infrared instead of the 

visible due to their lower carrier density when compared to metals such as Au and Ag.26,31,53,60  

The incorporation of n and p-type dopants into semiconductors results in changes to the 

Fermi level and should produce changes in the UV-Vis (band edge) and NMR features that scale 

with carrier density. A shift in the band edge absorption has been observed in degenerately doped 

n and p-type semiconductors and should appear in aliovalent doped metal oxides that exhibit a 

LSPR. The absorption shift arises from the non-zero occupancy of states at the conduction band 

minimum that scales with carrier density, which results in a change to the energy required to 

excite an electron from the valence band into the conduction band.61,62 The change in energy can 

be fit to the Burstein-Moss expression and the shift in the optical band gap is treated as a 
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Coulombic repulsion term renormalizing the band gap.63–66 In terms of NMR, free carriers can 

induce changes to the nuclear relaxation rates (T1 and T2) due to paramagnetic relaxation 

enhancement, as well as shift the NMR resonance by altering the local electric shielding due to 

an induced metallic character of the observed nuclei.67,68 

Optical methods are convenient for carrier analysis within a sample; however, such 

methods require approximations to extract actual carrier density. The LSPR shift with carrier 

density has been shown to be adequately fit by the Drude-Lorentz model for ITO NCs at <10% 

donor incorporation.28,60 Although the LSPR fit follows the square root of dopant concentration, 

as expected from the Drude-Lorentz model, recent studies have questioned whether the 

extraction of carrier densities from the model is accurate.69,70 Millstone and coworkers reported 

that the carrier densities extracted from the Drude model were inconsistent with 77Se solid-state 

nuclear magnetic resonance (ssNMR) analysis of a Knight shift and decreasing T1 relaxation rates 

in vacancy doped Cu2-xSe.70–72 Beaulac and coworkers suggested in InN that chemical titration is 

necessary to accurately measure the carrier densities in PSNCs.69 Although correlations between 

each method and carrier densities have been observed, accurately measuring carrier densities 

using chemical titrations can allow for direct correlation of the physical properties observed by 

carrier induced band edge shift, LSPR changes and NMR effects. Comparison of the change in 

the LSPR25,53,73 and the shift in the band gap absorption edge61,64,66 as a function of the actual 

carrier density may allow the incorporation of a correction factor in analogy to the use of a 

dampening term (Γ) to explain the size dependent plasmon response in gold.35 By comparing the 

chemically measured carrier density to observed plasmon frequency, band edge energy, and 

NMR properties, a correlated picture of the physical property changes that occur with increasing 

dopant concentration can be evaluated. 
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In this chapter, the electronic and nuclear perturbations that arise from changes in the 

Fermi level upon incorporating an aliovalent ion into a semiconductor lattice are evaluated in 

spherical, oleic acid passivated, SnxIn2-xO3 (ITO, 5 + 0.5 nm). The carrier density, as measured by 

chemical titration with a one-electron oxidant, is compared to the observed spectral shifts in the 

NIR LSPR, the absorption edge in the UV-Vis, and the 119Sn NMR resonance. Analysis of the 

LSPR shift using the Drude model and the absorption band edge shift via the Burstein-Moss 

relationship reveal that while the anticipated relationships with carrier density are observed for 

the optical features, both models either underpredict the carrier density or require a correction 

term to be quantitative. A linear dependence of the 119Sn linewidth and Knight shift on carrier 

density is observed in the 119Sn NMR spectra. The small Knight shift (<10 ppm) most likely 

reflects the band structure lacking Sn s-orbital contributions in the conduction band. The 

observed linear dependence on the NMR linewidth for the 119Sn features with carrier density 

indicates that T2 relaxation is enhanced with increased carrier density. This behavior is 

anticipated in n-type ITO NCs, confirming the chemical titration values are valid. Although T1 is 

also an important relaxation pathway, T1 is observed to be too long to be directly measured for 

the Sn:In2O3. The experimental observations are consistent with the expectation that when 

Sn(IV) is doped into In2O3, the presence of carriers at the Fermi level will impact the optical 

spectra and nuclear spin relaxation rate due to paramagnetic enhancement. 

This study allows a direct correlation of carrier density measured by chemical titration 

with the observed changes in the optical and NMR spectral response to increasing carrier density 

in ITO NCs and illustrates the power of ssNMR to act as a local probe in plasmonic systems 

providing deeper insight into structure and carrier relaxation pathways. The study extends the use 

of ssNMR probe methods to analyze commercially relevant ITO NCs is an important step to 
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developing a full understanding of the plasmonic behavior outside of the confinement limit and 

the role of T2 on carrier relaxation in an n-type semiconductor induced by aliovalent doping. 

Developing probe techniques that measure carrier density and carrier relaxation rates is 

important for the continued development of electrochromic windows,73,74 photocatalysis,75,76 and 

biomedical treatments.77,78 

 

2.2 Experimental Methods 

2.2.1 Synthesis of ITO Nanocrystals 

ITO NCs of various doping concentrations were synthesized as previously reported by 

Hutchison and coworkers.79 Metal oleate precursors are formed in oleic acid under N2 and then 

added dropwise at a rate of 0.2 mL/min to 12.5 mL of oleyl alcohol kept at 230 °C while N2 is 

continuously run over the reaction. After the injection was completed, the solution was kept at 

230 °C for an additional 20 minutes, followed by cooling to room temperature and 

isolation/cleanup of the NCs using toluene/acetone (3x) and centrifugation. 

2.2.2 General Characterization 

Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) was performed using a 

Thermo Scientific iCAP RQ ICP-MS to confirm the ratio of Sn:In in the NCs. Samples were 

digested in concentrated nitric acid and then diluted to 2% HNO3. Calibration curves were 

prepared from serial dilutions of a Sn/In standard dissolved in 2% nitric acid with R2 values 

>0.999 for both ions. Each sample was measured in triplicate after an initial survey run and there 

was a minimum 30 second wash time between samples. 

Powder X-ray diffraction (pXRD) patterns were collected with a Rigaku MiniFlex 

powder X-ray diffractometer using a Cu-Kα X-ray source. Samples were dried out and crushed 
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into a fine powder and then loaded onto a zero-background micropowder plate. Scans were 

collected from 15-80° 2ϴ at a rate of 5°/min and a 0.1° step size. Whole powder pattern fitting 

and the Halden-Wagner method for Scherrer analysis were completed using the Rigaku 

SmartLab Studio software and performed for all samples to confirm the average NC size. 

Nanocrystal samples were diluted and suspended in chloroform and then dropcast onto 

Formvar-coated copper TEM grids (Ted Pella) and allowed to dry in a desiccator overnight. 

Experiments were performed at the National High Magnetic Field Laboratory using a JEM-

ARM200cF electron microscope operating at 200 kV. 

Purified ITO NCs were suspended in tetrachloroethylene. UV-Vis-NIR data was 

collected using a Perkin Elmer Lambda 950 Spectrophotometer. A 1 cm pathlength NIR Quartz 

cuvette (Spectrocell) was used for all absorption experiments. Spectra were baseline corrected 

using neat tetrachloroethylene and normalized to the band edge absorption of the ITO NCs. 

2.2.3 Optical Titrations 

The one electron oxidation of the ITO NCs was adapted from ref. 20. A known 

concentration of purified ITO NCs was suspended in dry tetrachloroethylene and brought into an 

inert atmosphere glovebox. A known concentration of NOBF4 in MeCN was titrated into the ITO 

suspension and left to oxidize for 30 minutes. The sample was then loaded into a Pike 

Technologies Liquid FTIR cell with BaF2 windows and a pathlength of 0.5 mm. FTIR 

measurements were performed in transmission mode using a Jasco 6800 FTIR spectrometer. 

This procedure was repeated until the LSPR absorbance did not decrease upon oxidation. The 

absorbance at each titration point was integrated to account for changes in the shape of the 

LSPR. The linear region of the titration was then extrapolated to determine the amount of 

NOBF4 theoretically required to completely extract all free carriers. This number was then 
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converted to the carrier density of the ITO NCs by dividing the extracted number of electrons by 

the volume of NCs in the suspension calculated using the density of indium oxide and the size of 

the NCs. 

2.2.4 NMR Spectroscopy 

Solution 19F NMR was performed using a 400 MHz Bruker AVIII spectrometer. The 

concentration of the NOBF4 in MeCN solution was determined using a known concentration of 

1, 2, 4, 5-tetrafluorobenzene as an internal standard and by measuring the ratio of the integrated 

NOBF4 feature to the tetrafluorobenzene signal. 

SSNMR spectroscopy was performed on dried nanocrystals crushed into a fine powder 

and packed into a 4 mm zirconia rotor. A 500 MHz Bruker AVIII HD Wide Bore spectrometer 

was used for all measurements. Spectra were collected using a standard spin-echo pulse sequence 

with a pulse width of 6.4 µs, an acquisition time of 5.5 ms, and 24,576 scans for each sample at 

the 119Sn Larmor frequency 186.49 MHz. The chemical shifts were referenced to solid SnO 

powder at -206 ppm. Magic angle spinning was used for all samples at a rate of 10 kHz. 

 

2.3 Results and Discussion 

A series of oleic acid passivated 5.0 + 0.5 nm SnxIn2-xO3 (ITO) (x = 0.020, 0.031, 0.040, 

0.050, 0.063, and 0.073) NCs were prepared following the synthetic protocol of Hutchison and 

coworkers.79 The Sn concentrations were verified by inductively coupled plasma-mass 

spectrometry (ICP-MS). Powder X-ray diffraction (pXRD) allows assignment of all samples to 

the bcc bixbyite phase (PDF #03-065-3170) (Figure 10). There are no discernible pXRD shifts in 

the diffraction peaks and calculations of the lattice parameter for each sample showed little to no 

change, owing to the similarity in size of the In(III) and Sn(IV) ions (rIn(III) = 81 pm, rSn(IV) 71  
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pm).80 Scherrer analysis of the calculated using all diffraction lines using whole powder pattern 

fitting is provided in Table 1. Figure 11 shows a representative TEM image of the ITO NCs, a 

high magnification image showing the lattice planes, and the corresponding size distribution of 

the nanoparticles. 

[Sn] 2.0% 3.1% 4.0% 5.0% 6.3% 7.3% 

Size (nm) 5.1(2) 4.7(3) 4.4(2) 5.0(3) 4.6(2) 4.7(3) 
Drude Carrier 

Density/1018 
(cm-3) 

495.59 537.46 591.47 613.12 633.88 703.98 

NOBF4 Carrier 
Density/1018 

(cm-3) 
412.58 597.95 833.38 1037.96 1261.85 1458.42 

Drude Γ (cm-1) 1849.17 2660.98 3127.25 3397.95 3607.15 3712.40 

Table 1. Scherrer, Drude, and NOBF4 titration analysis of X% ITO NCs 

Figure 10. pXRD of 2.0-7.3% ITO NCs indexed to the bcc-bixbyite 
In2O3 phase 
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2.3.1 Free Carrier Density in ITO 

The carrier density of the prepared ITO samples in this study was quantified by chemical 

titration with NOBF4, a one-electron oxidant. The use of NOBF4 to evaluate carriers was 

previously reported for InN by Beaulac and coworkers.69 In Figure 12, a plot is shown of the 

carrier concentration determined via chemical titration vs. % Sn incorporation into In2O3 

measured by ICP-MS. The linear relationship confirms that dopant concentration is directly 

proportional to the carrier density of the ITO NCs within this regime (2.0-7.3%). The 

dependence of carrier density on Sn(IV) doping  is consistent with earlier studies suggesting the 

Sn(IV) incorporation into In2O3 is stochastic across the entire nanocrystal volume and exhibits 

equivalent dopant activation within this doping range based on the LSPR shift. 

# 
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1086420
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5.26±0.978 nm 

Figure 11. TEM image and corresponding histogram of 7.3% ITO NCs 
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Evaluation of the plot reveals the carrier density ranges from 0.4 to 1.4 x 1021 cm-3 or 27 

to 95 electrons per NC. It is expected that one free carrier will be generated per Sn dopant 

incorporated into In2O3, but the measured carrier density values indicate that only 0.65 free 

carriers are generated per Sn dopant. The observed 35% dopant deactivation is attributed to 

compensating defect complexes within the NC arising from inherent oxygen vacancies within the 

bixbyite crystal structure that produces oxygen interstitial complexes of the form 2SnIn
• − Oi

″.81,82 

It is worth noting the titration experiment is in excellent agreement with the previously reported 

<70% dopant activation in ITO NCs.82 Such deactivation may also arise from the existence of a 

surface depletion region where surface defects result in decreased free carrier generation.83 

Further evaluation allows the intrinsic carrier density to be established in the ITO samples. 

Native carriers in the undoped In2O3 NCs are expected to be present due to inherent oxygen 

vacancies.81,82 From the chemical titration plot, the intrinsic carrier density can be estimated by 
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extrapolating the plot to 0% Sn, yielding a value of 1.2 x 1019 cm-3 or 0.78 intrinsic carriers per 

NC from native defects in the ITO samples.  

2.3.2 Carrier Induced LSPR Shift 

 

In Figure 13, the LSPR extinction feature, as measured using UV-Vis-NIR, is observed to 

shift to higher frequency with increasing Sn concentration. Since LSPRs are inherently 

interfacial and dielectric phenomena, the Drude-Lorentz free electron model is typically used to 

model their absorbance to extract useful information.28,63,84  

𝜀(𝜔) = 𝜀5 + 𝜀67(𝜔) + 𝜀89(𝜔) + 𝜀9/:(𝜔) + 𝜀.(𝜔)      (7) 

𝜀.(𝜔) = − %$!

%!,/%0
        (8)   

𝜔& = ( !"!

$∗;"
             (2) 

Eqn. 7 represents the sum of dielectric contributions including the high frequency 

dielectric constant (ε∞) and the background, UV, visible, and Drude terms respectively. The 

Drude contribution is responsible for the LSPR absorption feature and can be described using the 
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plasma frequency (ωp) and a dampening term (Γ). ωp can be further broken down as shown in 

eqn. 8, where n is the free carrier density, e is the charge of the free carrier, m* is the effective 

mass of the carrier, and ε0 is the permittivity of free space. It is worth noting that the 

experimentally measured LSPR frequency of a nanocrystalline sample (ωLSPR) can be described 

as by the following eqn.84 

𝜔'()* =
%$

+#%,-
     (3) 

ε∞ = 4.08 for In2O3,34 therefore the observed LSPR will appear at ~2.45 times lower frequency 

than the calculated ωp. 

From eqns. 1-4, the value of ωp, and therefore wLSPR will be directly proportional to the 

square root of n. A plot of the LSPR shift as a function of the square root of carrier concentration 

extracted from the chemical titration is shown in Figure 13b. The values for ωLSPR were 

determined via Drude modeling of the absorption data using Matlab code written by the Milliron 

group.28 The linear dependence of the LSPR frequency with the square root of carriers is 

consistent with earlier findings,85 however, extraction of the carrier densities from LSPR data 

using the Drude model is inconsistent with values obtained from chemical titration (Figure 3a). 

The linear relationship confirms the LSPR shift is due to free carriers, but the difference in 

carrier density requires a correction factor of γ= 0.18. This suggests the Drude-Lorentz model 

underestimates the carrier densities by nearly 20% most likely due to an additional dampening 

term being required, analogous to Drude-Lorentz analysis of metallic plasmonic systems.  

Such a correction term for PSNCs has been previously proposed by Jung and Pedersen84 

to account for large deviations in the calculated ωp for ZnO when using a simple effective mass 

approach compared to the full band structure calculations. They proposed an advanced effective 

mass model of ωp, which contained a correction term to eqn. 2 to account for the deviation.  
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    (9) 

In this eqn., a is the correction factor that accounts for the change in local band shape as the 

Fermi level moves further into the conduction band with increases n-type doping. 

 

To evaluate the model of Jung and Pederson for the ITO samples, the effective mass of 

the free carriers for each ITO sample is extracted from the LSPR data using the Drude model 

(Figure 14). This plot shows that the value for m* varies substantially with Sn loading, ranging 

from 0.33*me at low doping levels to 0.83*me (where me is the mass of an electron) at higher 

concentrations. The unexpected variance is in disagreement with prior results from ITO thin 

films and cyclotron resonance measurements on ITO NCs that confirm m* values are 0.4*me at 

low doping levels.33,55,86 By combining the values of ωp extracted from optical measurements, n 

measured via NOBF4 titrations, and the literature value of m* for ITO (0.4*me), the Jung-

Pederson model (eqn. 9) can be used to calculate a suitable correction factor (α) for each sample. 
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These results are illustrated in Figure 15 and show that different correction factors were required 

to model the experimental results. The high carrier density samples (6.3%, 7.3% ITO) show that 

α converges to a value of 1.48 eV, while lower carrier density samples approach the simple 

effective mass calculation (i.e. no correction factor). The modeling for the 2.0% ITO is omitted 

from Figure 15 due to this convergence with the simple effective mass model.  

 

The high carrier density limit of 1.48 eV is notable as it agrees well with the value of 1.52 

eV calculated by Jung and Pedersen for n-type ZnO.84 However, one would expect a consistent 

value of α for all samples if free carrier concentration were the only variable. The shift from the 

uncorrected Drude model to the convergence of high carrier density samples at 1.48 eV for the 

advanced effective mass model indicates that there are more variables involved in this process 

than just carrier density. When the Fermi level lies close to the conduction band minimum, m* is 

equal to the known value of 0.4*me and the uncorrected Drude model can effectively explain the 

optical data. Once the Fermi level passes deep enough into the conduction band, as is the case for 
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the samples with high carrier densities, the value for α ceases to change and the advanced 

effective mass model can accurately describe the change in parabolicity of the band structure 

with a constant m* of 0.4*me.  

2.3.3 Carrier Induced Burstein-Moss Shift 

A Burstein-Moss (B-M) shift is often observed in degenerately doped semiconductors. 

This shift has not been widely considered for PSNCs; however, it is anticipated that a B-M shift 

of the absorption edge will occur in the ITO samples due to the shift in the Fermi level relative to 

the valence band maximum with increasing n-type dopants.61,62 B-M shifts for thin film ITO have 

been reported to be proportional to the carrier density, and can be fit to the B-M expression, 

∆𝐸CD: = 𝐸E(! − 𝐸EF = + ℏ!

-$∗/ (3𝜋-𝑛)
-
GB             (10) 

where	𝐸E(! is the measured bandgap as a function of % Sn and 𝐸EF is the native bandgap at the 

intercept when % Sn = 0, and n/m* remain the carrier density and effective mass of the free 

carrier respectively.64,66 The B-M expression can be used to analyze the relative change in carrier 

density with Sn doping and can also be used to extract an average value of m* for the series of 

ITO NCs. 

In Figure 16a, the band edge shift with increasing Sn incorporation is plotted in the form 

of a Tauc plot. In a Tauc plot, the product of the absorbance and energy of light raised to 1/r 

[(αhν)1/r] is plotted against hv.87 A value of r = 1/2 is used for a direct band gap semiconductor 

like ITO, where the interband absorption is allowed.87 The value of Eg is obtained by 

extrapolating the linear region of the plot. Plotting Eg vs. n2/3 (Figure 16b) shows the expected 

linear correlation predicted by the B-M shift. As observed in Figure 16b, the shift in Eg with 

increasing carrier density for each ITO sample follows the anticipated 2/3 power law with a y- 
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intercept value of Eg
0 = 3.16 eV. This 2/3 power law behavior with increasing carrier density is 

consistent with previous literature reports for ITO thin films65,88,89 and is due to the parabolic 

nature of the conduction band minimum in In2O3. The average m* for the ITO NCs can be 

determined using eqn. 10 and the slope extracted from the linear fitting in Figure 16b. This leads 

to a value of 0.78*me, which is inconsistent with the expected value for ITO. The overestimation 

of m* by parabolic band theory confirms the analysis via the Drude model showing that a loss of 

parabolicity in the band structure is likely occurring as the Fermi level moves further from the 

conduction band minimum. Analogous to extracting m* using the standard Drude model, a 

correction factor is needed to accurately determine m* of a system using the Burstein-Moss shift. 

For 5 nm ITO NCs, this leads to a value for the correction term (defined here as Ω) being equal 

to 0.51. 

2.3.4 Free Carrier Effects on Nuclear Relaxation Pathways 

The extrapolation of early efforts to correlate Knight shift and changes in T1 with carrier 

density by Schmidt-Rohr in Ag1-yPb18Sb1+zTe20
72 and more recently by Millstone in Cu2-xSe70 
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suggests ssNMR methods are more effective for understanding carrier behavior. To evaluate the 

possible discrepancy in the optical methods in ITO NCs, 119Sn magic angle spinning (MAS) 

ssNMR measurements were performed on the powdered samples of the ITO NCs. For these 

studies, samples were packed into a 4 mm zirconia rotor and spun at the magic angle at 10 kHz. 

The 119Sn experimental data was collected using a spin-echo pulse sequence. The choice of 

measuring 119Sn rather than 115In is due to 119Sn being a dipolar nucleus and because the low 

concentration of 119Sn leads to the elimination of dipolar-dipolar coupling. ssNMR also has the 

advantage over optical methods in that the participation of deactivated (pinned carriers) can be 

directly probed by inspection of the observed NMR features.90,91 

The 119Sn spin-echo MAS NMR spectra for the ITO series is presented in Figure 17a. The 

feature between -500 and -600 ppm is assigned to a six-coordinate Sn(IV) center. As % Sn 

increases, the assigned feature is observed to increase in intensity, shift slightly downfield 

(higher ppm), and broaden. It is worth noting that additional structure in the SSNMR spectrum 

reflects contributions that scale inversely with % Sn and arise from noise and the probe feedback 

that are observable due to poor S/N associated with the low concentration and natural abundance 

(8.6%)90 of Sn dopant. The overall intensity of the 119Sn feature increases linearly with % Sn 

(Figure 17b), as expected since S/N is directly proportional to the number of nuclear spins 

present in the sample.68 Many factors can influence the total integrated area of a SSNMR 

spectrum, therefore comparing the integrated areas is often unreliable when compared to using  

this method for solution NMR. This analysis serves only to further demonstrate the ICP-MS 

confirmed trend of increasing % Sn in the PSNCs. 
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The observed linear downfield shift (Figure 18a) and change in the full width at half 

maximum (FWHM) (Figure 18b) of the 119Sn feature as a function of Sn(IV) concentration can 

be understood by considering each Sn(IV) incorporation leads to a carrier at the Fermi level 

interacting with the 119Sn nuclear spin, allowing assignments of the change in chemical shift as a 

Knight shift and the increase in linewidth to Knight shift anisotropy (KSA).68,92 The Knight shift 

occurs due to free electron-nuclear spin interactions resulting in the observed concentration 

dependent shift since 𝛿HD: = 𝛿I( + 𝛿J(. The values 𝛿obs, 𝛿CS, 𝛿KS are the observed chemical shift, 

chemical shift without paramagnetic influence, and the Knight shift contribution respectively. 

While the shift is small and potentially within instrumental error, the positive sign of the Knight 

shift indicates that this interaction occurs through a delocalization mechanism,68 which would be 

the expected result for electron-nuclear interactions stemming from free carriers residing in the 

conduction band. The results support the idea that in ITO NCs the Knight shift and KSA changes 
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are directly proportional with Sn concentration, which is consistent with attributing the behavior 

to the free carrier population at the Fermi level in these PSNCs.68,93 

In addition to the observed Knight shift and KSA effects induced by free carriers, 

changes in the T1 (spin-lattice) and T2 (spin-spin) relaxation pathways for the Sn(IV) nuclei are 

anticipated.70–72 T1 is related to the Knight shift, while T2 can be correlated with KSA. It is 

expected that as the n-type carrier density in ITO NCs increases with increasing % Sn, the T1 and 

T2 will decrease because of paramagnetic relaxation enhancement by the free electrons. 
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However, direct measurements of the T1 and T2 of 119Sn are challenging in ITO NCs. T1 

measurements are difficult due to the long T1 of 119Sn, coupled with the lengthy acquisition times 

required to obtain suitable spectra at low % Sn. Conversely, the T2 relaxation rates of these 

samples are too short to conduct cross-polarization (CP-MAS) or Carr-Purcell-Meiboom-Gill 

(CPMG)47,48 experiments. 

An estimate for the change in T1 can be obtained from the observed Knight shift (K) 

through the Knight-Korringa relationship24,94 

𝑇4,J24(𝐾, 𝑇) = +1,
1-
/ L3M.N

ℏ
𝐾-              (11) 

where γn and γe are the gyromagnetic ratios of the nuclear and electronic spins, kB is the 

Boltzmann constant, T is the absolute temperature, and T1,K is the Korringa contribution to the 

spin-lattice relaxation. The observed spin-lattice relaxation, T1,K
-1(K,T), is a result of the sum of 

contributions from the paramagnetic relaxation enhancement T1,
-1(K, T) and the temperature and 

Knight shift independent T1,0
-1. The relationship will hold for a metallic system, which is 

consistent with the Fermi carrier density present in a n-type PSNC. A plot of the Knight shift vs. 

the calculated change in T1,K
-1(K,T) is shown in Figure 18c. The experimental data follows the 

predicted K2 dependence for the Knight-Korringa relationship confirming T1 is shortened as 

carrier density increases in ITO. While the shortening of the calculated T1 agrees with the trend 

seen for Cu2-xSe, a p-type PSNC,70 the magnitude of  T1,K for the n-type ITO nanocrystals in this 

study is small. The small magnitude is believed to be due to the relatively long T1 for Sn(IV), 

which has been shown to be between 15 and 80 seconds95,96 compared to that of the 77Se nucleus 

measured by Millstone on the order of ms. These results indicate that T1 relaxation is not a good 

measure for carrier density for all PSNCs. 



49 

The T2 relaxation is not directly measured, but T2
* can be extracted by relating the 

linewidth of the NMR signal to T2
*97 

∆𝜈OPQR = 4
3N!∗

              (12) 

where ∆nFWHM is the FWHM of the NMR signal measured in Hz. The value of T2
* is related to T2 

by the following expression98 

4
N!∗
= 4

N!
+ 𝛾Δ𝐵F              (13) 

where γΔB0 is the change in strength of the local magnetic field. Modern NMR spectrometers 

exhibit field inhomogeneities below 1 ppm, therefore for a typical solid-state NMR experiment 

the broadening of the signal is primarily due to chemical shift anisotropy, rendering any local 

changes in magnetic field negligible. This means that for these experiments, T2 and T2
* can be 

considered to be equivalent. In Figure 18d, a plot of T2
* as a function of % Sn shows T2

* is 

observed to decrease very rapidly at low % Sn levels and then taper off at higher doping 

concentrations. The extracted value of T2
* is very short in these systems, owing to the large 

number of free carriers present in n-type ITO NCs. Consistent with a short T2
*, measurement of 

T2 using CPMG pulse sequences were not successful. This short transverse relaxation rate for 

2.0% and 7.3% ITO samples was insufficient to produce a suitable echo train and produced no 

discernable signal. 

For ITO, the Knight-Korringa relation shows little change with increasing free carrier 

concentration due to the nature of the 119Sn isotope. The change in linewidth due to KSA effects 

for these samples (from ~30-115 ppm) is much greater than the resulting Knight shift (~10ppm). 

This signifies that T2 is a more sensitive probe for carrier density than T1 for plasmonic ITO NCs. 

Overall, the observed decrease in T2 with increasing % Sn confirms the role of carriers at the 

Fermi level in ITO. 
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2.4 Conclusions 

ITO NCs from 2.0-7.3% Sn were synthesized and fully characterized via UV-Vis-NIR, 

FTIR, pXRD, ICP-MS, TEM, and by chemical titrations of the free carriers. Carrier density 

increases linearly with % Sn within this doping regime, as evidenced by the corresponding 

change in plasmon frequency and B-M shift. Based on the results of the chemical titrations, the 

Drude model underpredicts the carrier density and the number of carriers generated per 

incorporated dopant ion, while overpredicting the number of native free carriers in ITO. The B-

M shift serves as an accurate predictor of changes in carrier density, but severely underestimates 

the number of free carriers needed to induce a band edge shift. Both the Drude and parabolic 

band theory models fail to predict accurate values for m*, as they do not consider the non-

parabolicity of the local band structure with respect to the Fermi level. This can be accounted for 

by using an advanced effective mass model to examine the LSPR and by applying a correction 

factor to the value for m* obtained via B-M analysis. 119Sn SSNMR experiments show that these 

PSNCs demonstrate linewidth broadening that is directly proportional to the carrier density of 

the NCs. A possible Knight shift exhibits the correct sign for a delocalization mechanism, as 

expected for free carriers present at the Fermi level. The magnitude of any Knight shift in these 

materials is far smaller than that of Cu2-xSe.70 This is likely due to the differences in electronic 

band structure between Cu2-xSe and ITO. The magnitude of a Knight shift is dictated by 

interaction of unpaired electrons with the nucleus, which can only occur in orbitals with s-

character due to the non-zero probability of the electrons residing at the nucleus.99 The valence 

band of Cu2-xSe contains strong contributions from the Se 4s orbitals, for which free holes can 

strongly interact with causing the large Knight shift.100,101 The conduction band of ITO is 

composed mostly of In 5s, 5p, and 4d orbitals, therefore the free electrons have less interaction 
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with any Sn(IV) orbitals.102 The correlation of line broadening with free carrier concentration 

serves as a relative measure of carrier density, which is very useful for systems whose LSPR 

cannot be fully resolved or those that do not possess a LSPR. 
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CHAPTER 3 

INVESTIGATING DOPANT DEACTIVATION IN PLASMONIC M3+ 
DOPED ZINC OXIDE NANOCRYSTALS 

 
3.1 Introduction 

PSNCs have become an increasingly important area of research due to their advantages 

over traditional metallic plasmonic systems that include tunable carrier density via doping, 

complete transparency in the visible region, and their ability to strongly absorb near and mid-

infrared wavelengths.6,103,104 These unique properties have led to applications in the fields of 

sensing,105–107 electrochromics,13,73,108 and catalysis.75,109,110 For a typical plasmonic system, the 

plasma frequency (ωp) is primarily determined by the total number of free carriers (n) and the 

effective mass (m*) of these carriers, as illustrated by the Drude-Lorentz model.28 For systems 

with the same concentration of aliovalent dopant ion, it is expected that the same number of free 

carriers would be generated. However, it has been shown in recent literature that as the dopant 

atom for ZnO changes down group III (Al3+ to In3+), ωp shifts to higher frequencies.111,112 The 

origin of this phenomenon has not yet been thoroughly investigated, but this observation could 

be explained in two ways: 1) an increase in carrier density as the dopant changes from Al3+ to 

In3+ or 2) a decrease in the value of m*. The change in the ionic radius of the dopant atom can 

lead to better size matching with Zn2+ and increased dopant activation (i.e. higher values of n). 

However, better size matching of the dopant and host lattice ions could result in increased carrier 

mobility and therefore a decrease in m*. 

While much of the PSNC research has focused on ITO,10,12,113,114 studies on Al:ZnO 

reveal plasmonic behavior that is size, dopant, and reaction dependent.60,111,115 n-type ZnO is an 

industrially important material as it has long been studied as a cheaper alternative to indium tin 

oxide (ITO) for transparent conducting oxide applications.116–118 M:ZnO nanocrystals (M=Al3+, 
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Ga3+, or In3+) exhibit a LSPR in the MIR region.60,111 Such low frequency LSPRs make these 

materials important for applications such as surface-enhanced Raman22,23 and thermal waste 

management.41,119 The method developed by Hutchison and coworkers79 for the controllable 

synthesis of metal oxide PSNCs has been modified by Gaspera and coworkers for ZnO based 

systems, allowing for a broader study of the group III dopant effects on the LSPR in ZnO.112 

In this chapter, the influence of group III doping on the frequency, extinction, and 

linewidth of LSPRs are investigated for spherical, oleic acid passivated AZO, GZO, and IZO 

NCs using a combination of analytical methods. The effect of dopant incorporation on the crystal 

structure is investigated via Vegard analysis of powder X-ray data and correlated to the change 

in the observed LSPR. The simple and advanced effective mass Drude models are utilized to 

evaluate the measured MIR LSPR, while a one-electron oxidant chemical titration method is 

used as a direct measure of the total number of carriers for each sample. Utilizing this 

independent measurement of free carrier concentration allows for the Drude correction factor to 

be calculated for each sample and these values are compared to that obtained via full band 

structure calculations of n-ZnO. These results serve to highlight the importance of dopant 

activation and the various mechanisms through which deactivation occurs in plasmonic 

semiconductor NCs, which is critical towards the future rational design of these materials. 

 

3.2 Experimental Methods 

3.2.1 Synthesis of M:ZnO Nanocrystals (M=Al3+, Ga3+, In3+) 

MZO NCs were synthesized using a modified method previously reported by Gaspera 

and coworkers.112 X mmol of Al(acac)3, Ga(acac)3, or In(OAc)3 were combined with 1-X mmol 

of Zn(OAc)2 dihydrate and 2 mL of oleic acid. This mixture was degassed at 110 °C for one 
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hour, followed by the addition of 1 mL of oleylamine and subsequent degassing for 10 min. The 

metal oleate precursors are then added dropwise at a rate of 0.3 mL/min to 12.5 mL of oleyl 

alcohol kept at 240 °C while N2 is continuously run over the reaction. After the injection is 

complete, the solution was kept at 240 °C for an additional 20 minutes, followed by cooling to 

R.T. and isolation/cleanup of the NCs using toluene/ethanol (3x) and centrifugation. 

3.2.2 General Characterization 

ICP-MS was performed using a Thermo Scientific iCAP RQ ICP-MS to confirm the ratio 

of (Al, Ga, In):Zn in the NCs. Samples were digested in concentrated nitric acid and then diluted 

to 2% HNO3. Calibration curves were prepared from serial dilutions of an Al/Ga/In/Zn standard 

dissolved in 2% nitric acid with R2 values >0.995 for all ions. Each sample was measured in 

triplicate after an initial survey run and there was a minimum 30 second wash time between 

samples. 

pXRD patterns were collected with a Rigaku MiniFlex powder X-ray diffractometer 

using a Cu-Kα. Samples were dried out and crushed into a fine powder and then loaded onto a 

zero-background micropowder plate. Scans were collected from 20-70° 2ϴ at a rate of 5°/min 

and a 0.1° step size. Whole powder pattern fitting and the Halder-Wagner method for Scherrer 

analysis were completed using the Rigaku SmartLab Studio software and performed for all NCs. 

TEM measurements were collected on nanocrystal samples were diluted and suspended 

in hexanes and then dropcast onto Formvar-coated copper TEM grids (Ted Pella) and allowed to 

dry in a desiccator overnight. Experiments were performed at the Vanderbilt Institute of 

Nanoscale Science and Engineering using a FEI Tecnai Osiris electron microscope operating at 

200 kV. 
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Purified MZO NCs were suspended in toluene and then diluted into tetrachloroethylene 

for UV-Vis-NIR experiments. Data was collected using a Perkin Elmer Lambda 950 

Spectrophotometer. A 1 cm pathlength NIR Quartz cuvette from Spectrocell was used for all 

absorption experiments. Spectra were baseline corrected using neat tetrachloroethylene and 

normalized to the band edge absorption of the NCs. 

FTIR measurements were performed on purified MZO NCs suspended in 

tetrachloroethylene and diluted to appropriate concentrations. Samples were then loaded into a 

Pike Technologies Liquid FTIR cell with BaF2 windows and a pathlength of 0.5 mm. FTIR 

measurements were performed in transmission mode using a Jasco 6800 FTIR spectrometer. 

Ligand absorption features were removed using Jasco’s Sectra Manager software and the spectra 

were smoothed using a Savitzky-Golay filter. 

Solution 19F NMR was performed using a 400 MHz Bruker AVIII spectrometer. The 

concentration of the NOBF4 in MeCN solution was determined using a known concentration of 

1, 2, 4, 5-tetrafluorobenzene as an internal standard and by measuring the ratio of the integrated 

NOBF4 feature to the tetrafluorobenzene signal. 

3.2.3 Optical Titrations 

One electron chemical titrations were performed using a known concentration of purified 

MZO NCs was suspended in dry tetrachloroethylene and brought into an inert atmosphere 

glovebox. A known concentration of NOBF4 in MeCN was titrated into the NC suspension and 

left to oxidize for 30 minutes. After this time, the LSPR was measured via transmission FTIR 

(described above) and then the liquid cell was returned to the glovebox. This procedure was 

repeated until the LSPR absorbance did not decrease upon oxidation. The absorbance at each 

titration point was integrated to account for changes in the shape of the LSPR. The linear region 
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of the titration was then extrapolated to determine the amount of NOBF4 theoretically required to 

completely extract all free carriers. This number was then converted to the carrier density of the 

NCs by dividing the extracted number of electrons by the volume of NCs in the suspension 

calculated using the density of zinc oxide and the size of the NCs. 

 

3.3 Results and Discussion 

 

ZnO and MZO (M=Al3+, Ga3+, or In3+) NCs were synthesized following the procedure of 

Gaspera and co-workers.112 The MZO samples are ~10 nm in size and exhibit electron diffraction 

patterns assignable to a hexagonal lattice. The M:Zn incorporation into the MZO samples is 

12%, as verified by ICP-MS. pXRD patterns (Figure 19) are assigned to the hexagonal wurtzite 

phase of ZnO (PDF #036-1451) and the sizes extracted by fitting the patterns via Scherrer 

analysis using whole powder pattern analysis corroborates the 10 nm size measured using TEM 

(Figure 20, Figure 21, Figure 22). 
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16141210864
Nanocrystal Diameter (nm)

AZO NCs
10.0±1.8 nm

15 nm 

Figure 20. TEM/HRTEM/FFT images of AZO NCs and particle size distribution 
analysis based on 100 particles. Analysis of the lattice fringes shows d-spacings of 
0.284 and 0.164 nm, reflecting the (100) and (110) planes respectively 
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16141210864
NC Diameter (nm)

GZO NCs
9.5±1.9 nm

15 nm 

Figure 21. TEM/HRTEM/FFT images of GZO NCs and particle size distribution 
analysis based on 100 particles. Analysis of the lattice fringes shows d-spacings of 
0.286, 0.265, and 0.249 nm, reflecting the (100), (002), and (101) planes respectively 
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16141210864
Nanocrystal Diameter (nm)

IZO NCs
10.1±1.6 nm

Figure 22. TEM/HRTEM/FFT images of IZO NCs and particle size distribution 
analysis based on 100 particles. Analysis of the lattice fringes shows d-spacings of 
0.284 and 0.249 nm, reflecting the (100) and (101) planes respectively 
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3.3.1 Size Mismatch of the Aliovalent Dopant Ion 

 

The incorporation of the aliovalent Al3+, Ga3+ or In3+ guest ion into the ZnO host lattice, 

whether as a substitutional ion or an interstitial dopant, can either produce a n-type free carrier or 

introduce Zn vacancies (VZn) to ensure charge balance is maintained.120 The effect on the pXRD 

pattern’s average lattice spacing is telling, as a substitutional ion without vacancy formation is 

likely to follow Vegard’s law reflecting the cation size difference, while VZn or interstitial ion 

occupation would likely deviate from the predicted Vegard law behavior. As smaller dopant 

atoms substitute at Zn host sites, the d-spacing in the lattice is expected to decrease and 

diffraction peaks will move to higher values of 2θ following Bragg’s law.121 The difference in 

size for substitutional occupation of the four-coordinate Zn site by Al3+ (0.53 Å), Ga3+ (0.61 Å), 

and In3+ (0.76 Å) dopant ions relative to Zn2+ (0.74 Å)122 suggests that a clear increasing trend in 

d-spacing should be observable if all aliovalent ions occupy Zn sites. 
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The (110) reflection in the pXRD patterns (Figure 23) is seen to shift to lower values of 

2θ or larger d-spacing with M3+ incorporation. From the Vegard behavior prediction for a 

substitutional site occupation,123 the shift to lower 2θ is expected for In3+ as it is a slightly larger 

ion than Zn2+, but not for the smaller Al3+ and Ga3+ ions. This phenomenon has previously been 

observed for group III doped ZnO.124 Occupation of an interstitial site rather than the 

substitutional site could result in the observed d-spacing shift for the smaller cation. As cations 

are introduced into interstitial sites, the lattice will slightly expand to accommodate them, 

provided the atom is not significantly smaller than the interstitial space in which it occupies. As 

such, the pXRD shift for Al3+ and Ga3+ indicates that a significant percentage of these dopants 

may lie interstitially compared to In3+, which typically incorporates substitutionally due to the 

excellent size matching. As a note, the larger GZO shift relative to AZO is believed to be due to 

the larger size of the Ga3+ ion, not less efficient substitution. This conclusion is supported by the 

expected Vegard behavior for each dopant given their relative size mismatches as well as the 

higher LSPR frequency of GZO compared to AZO. 

3.3.2 Effect of Dopant Ion on Bandedge Absorption 

The free carrier properties in the MZO samples can be evaluated by analysis of the LSPR 

via the Drude-Lorentz model28 and from the band edge shift using Tauc plots.87 The UV-Vis-

NIR absorption spectra for ZnO and MZO NCs suspended in tetrachloroethylene is shown in 

Figure 24. As expected, the NCs are primarily transparent across the visible region and show a 

sharp increase in absorbance past 400 nm that is assigned to the band edge. The first derivative 

of the normalized absorption data is shown in the inset of Figure 24, allowing assignment of the 

1S-1S3/2 exciton transition at 375 nm (3.30 eV) for the undoped ZnO, consistent with literature  
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reports.125 As dopant ions are incorporated into the lattice, the exciton peak broadens and 

undergoes a hypsochromic shift to 3.36 eV. A direct band gap Tauc plot of this data reveals  

shifts in the optical Eg (3.26-3.29 eV), but no definitive correlation to ionic radii is observed in 

Figure 24. The change in band intensity is believed to reflect changes to the band structure from 

dopant incorporation, either via the breaking of symmetry or due to the presence of donor-

acceptor states.125 

3.3.3 Drude Fitting vs. Chemical Titration 

The LSPR absorption feature provides more information about the effects of the different 

sized dopants on the resulting carrier density. In Figure 25, the observed LSPR extinction spectra 

are shown for AZO, GZO, and IZO. The spectra are fit using the Drude-Lorentz model28  
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assuming a constant value of m* (n-ZnO, 0.23me)126 and using an average value of 3.11 for the 

high frequency dielectric constant.127 The extracted values of wp, G, and n are listed Table 2. A 

linear increase in carrier density with the ionic radius of the dopant atom is observed. While the  

observed shift in the LSPR parameters could be accounted for by a combination of empirical 

arguments including carrier delocalization via enhanced orbital expansion and changes to 

ionization potential as one progresses down a periodic group, such perturbations should also be 

reflected in the value of m*. Therefore, it is critical to directly extract the value of carriers via 

chemical titration to accurately evaluate the changes in the extracted Drude parameters for each 

LSPR, since fitting the data using the simple Drude model assumes a constant m* for all samples. 

In Table 2, a comparison is made between the Drude extracted carrier densities and the chemical 

titration measured carrier densities determined by observing the change in LSPR as the MZO 

sample is titrated against the one electron oxidant (Figure 27). An increase in carrier density 

from Al3+ to In3+ is observed; however, the extracted carrier densities are approximately an order 
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 AZO GZO IZO 

Drude-Lorentz Fitting 

ωp (cm-1) 4943.81 ± 10.38 6582.33 ± 20.28 8009.85 ± 11.35 

Γ (cm-1) 1914.88 ± 7.94 2379.89 ± 14.81 2586.49 ± 10.22 

n/1020 (cm-3) 0.654 ± 0.002 1.159 ± 0.004 1.716 ± 0.002 

e-/Dopant 0.081 ± 0.001 0.143 ± 0.001 0.212 ± 0.001 

NOBF4 titration 

n/1020 (cm-3) 12.3 ± 0.3 13.4 ± 0.3 15.4 ± 0.4 

e-/Dopant 1.53 ± 0.04 1.66 ± 0.04 1.91 ± 0.05 

Table 2. Simple Drude model fitting and chemical titration results for AZO, GZO, and IZO NCs 
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of magnitude higher than those predicted by the Drude model. Plotting the Drude and NOBF4 

measured carrier densities for each sample as a function of dopant size mismatch reveals a linear 

trend (Figure 28). As the size mismatch increases from In3+ to Al3+, the carrier density continues 

to decrease. The lack of free carriers generated per dopant ion is referred to as dopant 

deactivation and is an important property to consider when examining PSNCs, as high levels of 

deactivation can significantly affect the resulting plasmonic properties.29,83 

3.3.4 Evidence of Spinel Formation 

One plausible explanation for the observed cation size dependence has been previously 

suggested in the AZO thin film literature. The large size mismatch of Al3+/Zn2+ results in poor 

dopant solubility at higher concentrations, which induces a conductivity limit in thin films past 

which adding more Al3+ dopant does not induce more 𝐴𝑙S!∙  defects to form. Instead, the dopant 
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ions begin to form insulating layers of Al2O3 at the grain boundaries of the thin film.39,128,129 This 

phenomenon should hold true for Ga3+ and In3+ as well, but the increasing dopant solubility of 

these ions due to better size matching will lead to a higher percent of 𝑀S!
∙  defects forming for these 

larger dopant ions. Hard x-ray photoelectron spectroscopy (XPS) studies by Gabás et al. have even 

suggested that Ga incorporates only as a substitutional dopant in ZnO films.129 This is applicable 

to PSNCs in that only a certain percentage of the nominal dopant concentration will aliovalently 

substitute and generate a free carrier for the LSPR. The Kröger-Vink notation130 for this aliovalent 

substitution defect is shown in eqn. 14. 

(2𝑀S!
∙ : 𝑂/UU)V → 2𝑀S!

∙ + 1 2I 𝑂-(𝑔) + 2𝑒U    (14) 

4𝑀-𝑂G + 3𝑍𝑛S!V → (2𝑀S!
∙ : 𝑉S!UU )V + 3𝑍𝑛𝑀-𝑂L                  (15) 

Free charge carriers can also be generated via the interstitial incorporation of dopant ions, 

but this inclusion at the octahedral interstitial sites of w-ZnO will favor the formation of 

insulating spinel (AB2X4) inclusions (eqn. 15) within the PSNC. Evidence for the formation of 

spinel inclusions in Cr:ZnSe NCs has been previously reported by the Strouse group131 and the 

ZnAl2O4/ZnGa2O4 spinels are known to form more readily than the ZnIn2O4 analogue due to the 

smaller size of the B site cation.132 

3.3.5 Dopant Deactivation 

The deactivated dopants can be accounted for in several ways. The first of these is the 

formation of an insulating spinel phase, as previously discussed. The next likely source of 

deactivation lies in the existence of a surface depletion region, where dangling bonds at the 

surface result in pinned carriers that do not contribute to the resulting LSPR feature.83,133 For a 

spherical, 10 nm NC, a mere 1 nm surface depletion region would result in ~27% dopant 



68 

deactivation (Appendix), provided the dopant is incorporated homogenously as is the case for the 

bottom-up slow injection synthetic method utilized in this study.79,112 Studies by Hutchison and 

coworkers suggest surface passivation by a non-doped metal oxide layer enhances plasmonic 

properties, signifying that surface depletion is a contributor.134 Since the contribution of surface 

carriers would be size dependent, further studies are needed to rule out the contribution entirely. 

A third source of dopant deactivation lies in the pinning of carriers at anion vacancies within the 

crystal, which would produce F-centers. These defects are well known in ZnO7,135 and result in 

the introduction of color to an otherwise transparent semiconductor.  

 

 

Each plasmonic sample exhibits a unique color depending on the dopant (Figure 29), 

which supports the formation of F-centers in these samples. Oxygen vacancies that are generated 

both intrinsically and/or as a side effect of aliovalent substitution can pin free carriers in anionic 

sites where they will not contribute to the observed LSPR. However, these F-centers can still be 

titrated via NOBF4, which would result in inflated values for the free carrier density 

measurements.  

Figure 29. Photograph (from left to right) of AZO, GZO, and IZO NCs 
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This is also shown in Table 2, where the NOBF4 determined free carriers/dopant all 

exceed values of 1, the theoretical maximum for aliovalent substitution efficiency. These results 

suggest that there are several defect sites being generated upon dopant incorporation that result in 

“invisible carriers”, in that they do not contribute to the LSPR and therefore its 

frequency/extinction. It is also shown in Figure 28 that the slope of the Drude fit is ~3.4x greater 

than that of the chemical titration fit. Since the Drude model only accounts for carriers that 

contribute to the observed LSPR, while the chemical titration totals all free electrons (including 

those trapped at defect sites), this suggests that there are more pinned carriers than free carriers. 

The greater number of pinned carriers formed compared to free carriers generated via aliovalent 

substitution means that the increase in free electron count shown in the Drude model has a small 

effect on the total electron concentration and therefore results in a lower value for the slope of 

the NOBF4 plot. 

The presence of lattice effects on carrier deactivation leading to spectral changes in the 

LSPR is also evidenced in the LSPR dampening value (Γ). This is not surprising, as the 

dampening term is typically dictated by surface, impurity, electron-electron (el-el), and electron-

phonon (el-ph) based scattering mechanisms.82,136,137 Since each sample has a similar size, 

morphology, and concentration of dopant ions, the effects from surface and impurity scattering  

can be considered to be negligible across the MZO NCs. An increase in carrier density would 

result in higher el-el scattering and therefore an increase in Γ. The Drude fitting reflects this 

trend as Γ increases linearly with carrier density from Al3+ to In3+ (Figure 30). This trend 

supports the hypothesis that IZO NCs generate a larger number of free carriers due to the better 

size match of In3+/Zn2+ compared to Al3+ and Ga3+. 
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3.3.6 Advanced Effective Mass Model for Drude Correction 

While higher dopant activation can account for the increases in both ωp and Γ, the NOBF4 

measured carrier densities are still approximately one order of magnitude higher than those 

determined using the simple Drude model. One method for examining the effects of these 

additional electrons is to compare to the literature value for a corrected Drude model previously 

proposed by Jung and Pederson for ZnO.84 This model examines the large deviations between the 

calculated and experimentally measured ωp by using a simple effective mass approach compared 

to when using full band structure calculations specifically for ZnO. The proposed advanced 

effective mass model of ωp contains a correction term to eqn. 9 in order to account for this 

deviation. 
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In this eqn., a is the correction factor designed to account for the change in local band shape as 

the Fermi level moves further into the conduction band with increased n-type doping. The 

change in the degree of parabolicity of the local density of states (LDOS) results in a deviation in 

the value of m*, a phenomenon that has been previously shown in plasmonic ITO and InN 

NCs.29,69 In other words, m* cannot always be treated as a constant with increasing values of n 

and a varying Fermi level relative to the conduction band minimum. This holds doubly true for 

MZO systems, where the change in dopant identity and site incorporation will also change the 

aliovalent substitution efficiency for each sample. 

  

By combining the experimentally measured values of ωp (obtained via FTIR) and n 

(obtained via chemical titration), the value for a can be calculated and the relationship between n 
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and ωp can be modeled for each sample. These values, and their effect on the deviation from the 

simple Drude model, are presented in Figure 31. The degree to which each sample varies from 

the simple Drude model calculated values corresponds to the ionic radius of the dopant. The 

uncorrected Drude model is linear on a log/log scale, while the MZO samples start similarly at 

low carrier concentrations and then curve downwards at higher values. As the percent mismatch 

of the dopant increases, so too does the deviation from the uncorrected model. This reflects the 

change in aliovalent substitution efficiency with decreasing dopant ionic radius. The mean free 

path of the free carriers is reduced as a larger percentage of the dopant ions are incorporated 

interstitially, which causes the carrier mobility to decrease and m* to increase. Even at carrier 

densities as high as 1*1021 cm-3, the LSPR for MZO NCs is still limited to MIR region due to this 

ineffective aliovalent incorporation and its resulting effects on free carrier generation and the 

mobility of free carriers. 

 In addition to the uncorrected Drude model, the value for a determined via full band 

structure calculations for ZnO (1.52 eV) is also plotted.84 The deviation for all three MZO 

samples from the theoretical value for n-type ZnO reflects the number of pinned carriers that 

exist from various defect sites such as F-centers and the existence of a surface depletion region. 

The difference between the calculated values of a for each sample and the literature value of 

1.52 eV reflects the change in the number of pinned carriers generated depending on the dopant 

identity. These values (AZO-1.49 eV, GZO-1.48 eV, IZO-1.32 eV) indicate that better size 

matching of the dopant ion also leads to less pinned carriers being generated and ultimately 

higher dopant activation. The nature of these defects, surface depletion region, and the local 

chemical environment of dopant and host lattice nuclei are investigated in the next chapter. 
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3.4 Conclusions 

Al, Ga, and In doped (12%), 10 nm ZnO NCs have been synthesized and observed to 

exhibit dopant dependent plasmonic properties. ICP-MS and analysis of the optical band edge 

confirm dopant incorporation and free carrier generation. pXRD and TEM data show that all 

samples are of the wurtzite phase and that dopant incorporation has no significant effect on the 

size or morphology of the NCs. Analysis of the (110) reflection revealed a Vegard shift to lower 

values of 2θ, indicating the smaller dopant ions (Al3+, Ga3+) incorporate interstitially as well as 

substitutionally. This effect results in a difference in the number of free carriers generated per 

dopant ion, which is confirmed via Drude fitting of the LSPR and by chemical titration. Carrier 

density and LSPR dampening increase inversely with M3+/Zn2+ size mismatch, which is 

explained by aliovalent substitution efficiency and increased el-el scattering. Interstitial dopants 

sit in octahedral coordination environments and likely form an insulating spinel phase (AB2X4), 

which lowers dopant activation. Deviations between the Drude and NOBF4 calculated carrier 

densities indicate that there are many pinned carriers, which also do not contribute to the 

observed LSPR. Such pinned carriers are analyzed using an advanced effective mass model, 

which takes into account the full band structure of ZnO and its resulting effect on m*. These 

results inform on the mechanisms behind the formation of LSPRs in ZnO and are crucial for the 

future rational design and application of PSNCs. 
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CHAPTER 4 

NMR CRYSTALLOGRAPHY OF PLASMONIC M3+ DOPED ZINC OXIDE 
NANOCRYSTALS 

 
4.1 Introduction 

Plasmonic semiconductor nanocrystals (NCs) have grown in popularity due to their 

tunable carrier density and ultrafast switching plasmon resonances.38,54,104,113 A great deal of 

research has focused on near-infrared (NIR) plasmonic NCs for electrochromic and biological 

applications.73,108,138 However, materials with tunable and high extinction mid-infrared (MIR) 

absorption bands are needed for applications in resonant surface enhanced Raman,22,23 MIR 

sensing,105,107 and thermal waste management.41,119 Photo and aliovalently doped ZnO NCs has 

been shown to exhibit localized surface plasmon resonances (LSPRs) in the MIR region of 

interest for the previously mentioned MIR applications.7,30,111,112 Aliovalent doping of ZnO with 

group 3A metals such as Al3+, Ga3+, and In3+ provide an advantage over photodoping in that the 

materials are intrinsically plasmonic and do not require a hole scavenger in order to generate free 

carriers.30,112 

It has been previously shown in chapter 3 that the size of the dopant in MZO NCs will 

affect how it incorporates into the ZnO lattice and ultimately the resulting plasmonic 

properties.30 Better dopant/host size matching leads to an increase in the efficiency of aliovalent 

substitution and therefore the free carrier density, which leads to an increase in the LSPR 

frequency of the sample. While the LSPR of MZO NCs increases in energy from Al3+ to 

In3+,30,112 these materials do not show any significant shift in energy with increased dopant 

incorporation. This result is in contrast with other known n-type plasmonic materials such as 

ITO10,29 and In:CdO,63 where increasing the dopant concentration is the key factor to tuning the 
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LSPR frequency. In order to identify the cause of this phenomenon, the variables which govern 

the LSPR’s frequency must be understood.  

The observed frequency of a LSPR is determined by its plasma frequency (ωp), which 

can be related to both free carrier density (n) and effective mass (m*) by the Drude model, 

𝜔& = ( !"!

#"$∗      (2) 

where e is the charge of the free carrier (an electron for a n-type system such as MZO) and ε0 is 

the permittivity of free space.27 Following this equation, there are two possibilities for a LSPR to 

remain at the same frequency with varying dopant levels: 1) both n and m* change while 

maintaining a constant n/m* ratio (e.g. InN)69 or 2) neither of these variables change at all. The 

first of these possibilities represents the case where the change in the local density of states as the 

Fermi level moves through the conduction band with increasing carrier density causes a 

corresponding increase in m*. The second scenario describes a situation where increasing dopant 

concentration does not result in higher free carrier concentrations. This may occur due to the 

presence of deactivated dopants through a surface depletion layer, defect mediated pinning of 

free carriers, or inclusions of insulating microphases. Previous studies of MZO NCs via far-field 

optical measurements suggest that dopant deactivation is the key,30 however no direct evidence 

of the defect sites can be provided from absorption data. Here, the exact nature of the deactivated 

dopants is directly examined using SSNMR. SSNMR is an element specific probe, which allows 

for the investigation of the local chemical environments of a wide variety of nuclei. This 

provides direct insight into the nature of defects within the NC by investigating both the dopant 

and host lattice nuclei. This work utilizes 27Al, 71Ga, and 67Zn SSNMR to examine dopant 

incorporation, defect formation, and how the generation of free carriers impacts the NMR 

spectra. 
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4.2 Experimental Methods 

4.2.1 Synthesis of X% M:ZnO Nanocrystals (M=Al3+, Ga3+) 

MZO NCs were synthesized using a modified method previously reported by Gaspera 

and coworkers.112 X mmol of Al(acac)3 or Ga(acac)3 were combined with 5-X mmol of 

Zn(OAc)2 dihydrate and 10 mL of oleic acid. This mixture was degassed at 110 °C for one hour, 

followed by the addition of 5 mL of oleylamine and subsequent degassing for 30 min. The metal 

oleate precursors are then added dropwise at a rate of 0.3 mL/min to 62.5 mL of oleyl alcohol 

kept at 240 °C while N2 is continuously run over the reaction. After the injection is complete, the 

solution was kept at 240 °C for an additional 20 minutes, followed by cooling to R.T. and 

isolation/cleanup of the NCs using toluene/ethanol (3x) and centrifugation. 

4.2.2 General Characterization 

ICP-MS was performed using a Thermo Scientific iCAP RQ ICP-MS to confirm the ratio 

of (Al/Ga):Zn in the NCs. Samples were digested in concentrated nitric acid and then diluted to 

2% HNO3. Calibration curves were prepared from serial dilutions of a Al/Ga/Zn standard 

dissolved in 2% nitric acid with R2 values >0.995 for all ions. Each sample was measured in 

triplicate after an initial survey run and there was a minimum 30 second wash time between 

samples. 

pXRD patterns were collected with a Rigaku MiniFlex powder X-ray diffractometer 

using a Cu-Kα. Samples were dried out and crushed into a fine powder and then loaded onto a 

zero-background micro-powder plate. Scans were collected from 20-70° 2ϴ at a rate of 5°/min 

and a 0.1° step size. Whole powder pattern fitting and the Halder-Wagner method for Scherrer 

analysis were completed using the Rigaku SmartLab Studio software and performed for all NCs. 



77 

FTIR was performed on purified MZO NCs were suspended in tetrachloroethylene and 

diluted to appropriate concentrations. Samples were then loaded into a Pike Technologies Liquid 

FTIR cell with BaF2 windows and a pathlength of 0.5 mm. FTIR measurements were performed 

in transmission mode using a Jasco 6800 FTIR spectrometer. Ligand absorption features were 

removed using Jasco’s Spectra Manager software and the spectra were smoothed using a 

Savitzky-Golay filter. 

4.2.3 Multinuclear SSNMR 

All SSNMR experiments were conducted at the National High Magnetic Field 

Laboratory (NHMFL). 27Al spectra were acquired using 18.8 T (800 MHz) and 11.7 T (500 

MHz) spectrometers with a spin-echo experiment under 12 kHz MAS conditions. The π/2 pulse 

was set to 9.5 µs and the recycle day was set to 5 s. 71Ga spectra were acquired using a 14.1 T 

(600 MHz) spectrometer with a quadrupolar Carr-Purcell-Meiboom-Gill (QCPMG) pulse 

sequence under static conditions. The π pulse was set to 2.5 µs and the recycle delay was set to 

0.5 s. 67Zn spectra were acquired using a 19.5 T (830 MHz) spectrometer with a QCPMG pulse 

sequence under static conditions. The π pulse was set to 16.667 µs and the recycle delay was set 

to 2.5 s. 

 

4.3 Results and Discussion 

X% M:ZnO NCs (M=Al3+, Ga3+) were synthesized following the procedure of Gaspera 

and coworkers.112 The dopant concentration was varied for both Al:ZnO (AZO) and Ga:ZnO 

(GZO) NCs, as verified by ICP-MS. pXRD patterns (Figure 32). for all samples are assigned to 

the hexagonal wurtzite phase of ZnO (PDF #036-1451). No significant changes in lattice 

parameter or formation of secondary phases are observed with increased doping levels of both Al  
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and Ga. Whole powder pattern fitting and Scherrer analysis show consistent sizes for all NCs of 

approximately 10 nm. 

4.3.1 Lack of LSPR Tunability with Increased Doping 

 

FTIR spectra of the AZO and GZO NCs (Figure 33) reveal LSPRs in the MIR region 

centered at roughly 2000 and 2700 cm-1 respectively. The unique plasmon frequency for each 

sample has been previously reported.112 The plasmon resonance shows no significant change in 

frequency when the dopant concentration is increased, unlike what is seen for other n-type 
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Figure 32. pXRD patterns of (a.) X% AZO NCs and (b.) X% GZO NCs 

Figure 33. FTIR spectra of X% AZO (a.) and GZO (b.) NCs. Ligand absorption features are 
removed for clarity and spectra are smoothed using a Savitsky-Golay filter 
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systems such as ITO10,29 or In:CdO.63 This indicates that additional free carriers are not being 

generated with increased doping levels or that the carriers are being pinned at defect sites. The 

differing ionic radii of the dopants results in varying amounts of aliovalent substitution and 

therefore differences in the free carrier concentrations. Both Al3+ (0.53 Å) and Ga3+ (0.61 Å) ions 

have a smaller ionic radius than Zn2+ (0.74 Å) when located in a IV coordinate crystal 

environment.122 This size mismatch leads to a combination of substitution and interstitial dopant 

incorporation. Far-field optical studies can only provide indirect evidence of the relative amounts 

of aliovalent substitution. Therefore, SSNMR was used as an element specific probe to directly 

investigate the local chemical environments of these dopant atoms. 

4.3.2 71Ga SSNMR 

1000 800 600 400 200 0 -200 -400 -600 -800
δ (ppm)

150 100 50 0 -50 -100
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Figure 34. 71Ga QCPMG spectra of X% Ga:ZnO NCs. Spectra were acquired 
under static conditions at 14.1 T (600 MHz). 
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GZO NCs with a range of doping concentrations were synthesized to determine the 

relative concentrations of substitutional and interstitial incorporation. Figure 34 shows the 71Ga 

quadrupolar Carr-Purcell-Meiboom-Gill (QCPMG) spectrum for each sample.47,48 At low 

concentrations of Ga3+, there is only one feature present in the NMR spectrum centered at 

approximately 210 ppm. This signal is assigned to the IV coordinate 𝐺𝑎S!∙  substitution, which 

generates one free carrier per occurrence due to the difference in oxidation states of Ga3+ and 

Zn2+. The Zn site in the wurtzite lattice is a highly symmetric (C3v) and amenable crystal site 

towards hosting Ga3+ ions.124 This results in a very well-defined NMR signal with a distinct 

quadrupolar lineshape due to the nuclear spin of 71Ga (I=3/2). As the dopant concentration 

increases, a new signal appears that is centered around 70 ppm. This feature is assigned to the 

disordered VI coordinate Ga interstitial. Within the wurtzite lattice lies an interstitial space where 

smaller ions can coordinate to six lattice oxygens.124 The disorder of this site results in a 

broadening of the NMR signal and a loss of the distinct quadrupolar lineshape as a gaussian 

distribution of sites are formed. This distribution is formed due to the larger freedom of 

movement of the Ga3+ ion in the interstitial site when compared to the crystalline substitution.  

Oxygen vacancies are also expected in the crystal structure, which would lead to V and 

possibly IV coordinate Ga3+ interstitials. These results indicate that Ga3+ initially prefers to 

incorporate entirely as a substitutional dopant. At 6.5% Ga, signal from the interstitial site begins 

to appear and continues to increase with further doping. The VI coordinate Ga3+ is likely forming 

a spinel microinclusion within the lattice. This line phase (AB2O4) is made up of a IV coordinate 

Zn2+ A site and a VI coordinate Ga3+ B site.139 The spinel phase has a wide bandgap (~5 eV)139 

and forms an insulating phase within the NC that results in no free carriers being generated from 

interstitial dopant. These results explain why the LSPR does not change frequency with 
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increased Ga3+, since aliovalent doping reaches a maximum at low concentrations and further 

interstitial doping results in large amounts of deactivated dopant. 

4.3.3 27Al SSNMR 

 

To investigate the possible dopant coordination environments more precisely within the 

ZnO lattice, a range of AZO NCs with varying dopant concentrations were prepared. While 27Al 

is also a quadrupolar nucleus (I=5/2), it typically presents sharper features compared to 71Ga.140 

This allows for more insight into the possibility of less than VI coordinate interstitial sites. 

Figure 35 shows the 27Al SSNMR spectra for each AZO sample, revealing four unique NMR 
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Figure 35. 27Al spin-echo spectra of X% AZO NCs. Spectra were acquired under 12 kHz MAS 
at 18.8 T (800 MHz). 
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signals. The sharp feature located at 80 ppm is assigned to the IV coordinate 𝐴𝑙S!∙  substitution. 

The high symmetry of the Zn site results in a very narrow peak found in the frequency region 

expected for a IV coordinate Al site.140 The feature centered at approximately 10 ppm is assigned 

to the interstitial Al. This chemical shift region previously reported to be where VI coordinate Al 

sites will appear.141 Similar to the 71Ga spectra, there is a gaussian distribution of interstitial sites 

that leads to a broadening of the quadrupolar lineshape of this feature. However, some of the 

quadrupolar asymmetric tailing towards lower frequency is visible at low doping concentrations.  

This Al site also forms a spinel phase (ZnAl2O4), which behaves identically in terms of 

dopant deactivation to that seen in the GZO NCs. In contrast to the GZO, the IV coordinate 

spinel Al can be seen at approximately 75 ppm. This signal is present due to inversion of the A 

and B sites of the spinel, a well-known phenomenon.139 In a fully inverted spinel, 50% of the 

trivalent B site cations swap with 100% of the divalent A site cations. The measure of the 

number of antisite defects that are formed is referred to as the degree of inversion. By 

performing a multipeak fitting of the 27Al spectra, the integrated area for each site can be 

calculated. The ratio of the IV and VI spinel site all samples is approximately 1:1, indicating that 

there is equal occupation of the A and B sites by the Al cations. This ratio can only be achieved 

by a fully inverse spinel AlA(ZnAl)BO4. Since the Al3+ dopant is known to incorporate at the IV 

coordinate wurtzite Zn site, the formation of an inverse spinel is not unexpected as interstitial Al 

likely creates the microinclusion by forming defect complexes with the existing aliovalently 

substituted Al. These spinel inclusions have no long-range ordering and are therefore invisible 

via pXRD. SSNMR can identify these defects as it only relies on the local chemical 

environments of each Al site (i.e. short range order). 
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An initially unexpected feature appears at approximately 50 ppm. Signals in this 

chemical shift region has been previously reported to be V coordinate Al sites.140 The defect free 

wurtzite structure does not have any V coordinate sites, nor does the normal or inverse spinel. 

This V coordinate site is therefore attributed to interstitial Al coordinated to a single 𝑉WV∙∙ . The 

presence of an oxygen vacancy reduces the coordination sphere of the interstitial site to V and 

the defects are known to readily occur in ZnO.7 Previous work examining free carrier pinning in 

MZO NCs led to the conclusion that the formation of f-centers (the pinning of free electrons at 

𝑉WV∙∙ ) is one of the significant sources of dopant deactivation for these materials.135  

4.3.4 67Zn SSNMR 
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Figure 36. 67Zn QCPMG spectra of X% Ga:ZnO NCs. Spectra were acquired 
under static conditions at 19.5 T (830 MHz). 
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67Zn SSNMR experiments were performed on the GZO NCs to investigate the effects of 

pinned and delocalized carriers on a nucleus which composes most of the electronic band 

structure. Since AZO and GZO are n-type semiconductors, the free carriers reside in the 

conduction band of the NCs. Much of this conduction band is composed of Zn 4s orbitals,142 

which means there is a non-zero probability of the free carriers interacting with the 67Zn nucleus. 

Figure 36 shows the QCPMG spectra for ZnO and X% GZO NCs. The undoped ZnO NC sample 

shows a single feature assigned to the IV coordinate Zn site in the wurtzite crystal structure.  

Upon doping with Ga, the signal broadens asymmetrically towards higher frequencies. 

This change in the observed chemical shift is attributed to a Knight shift.93 A Knight shift occurs 

when free carriers interact directly with nuclear spins and results in a paramagnetic enhancement 

of the nuclear relaxation rate. This phenomenon is typically only seen in metallic samples; 

however, the high carrier densities of degenerately doped semiconductors result in these samples 

becoming metallic in nature. It is important to note that the presence of s character at the Fermi 

level is key to the observation of a Knight shift, as the s orbital is the only orbital where there is a 

non-zero probability of the electron residing at the nucleus (ie. there is no node). Therefore, the 

Knight shift will only be observed in the 67Zn spectra of MZO NCs and not the dopant NMR due 

to the nature of the electronic band structure. The conduction band of these nanomaterials is 

primarily composed of Zn 4s orbitals142 and has little contribution from dopant states. This 

means that it statistically unlikely for a delocalized electron in the conduction band to interact 

with a dopant s orbital and cause a Knight shift.  

The 67Zn signal shifts primarily towards lower frequencies, which is indicative of a 

delocalization mechanism consistent with the presence of free carriers at the Fermi level.67 While 

the observed LSPR does not shift with increased Ga doping, an increase in Knight shifted signal 
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intensity is seen in the 67Zn spectra as dopant concentration reaches >10%. This result signifies 

that the SSNMR spectra of GZO NCs is a more sensitive measure of free carrier density than the 

far-field infrared extinction measure of the LSPR. The integrated intensity of the Knight shifted 

feature increases from 0 to 10% Ga and then decreases at 18% doping. This result is further 

evidence of the formation of insulating spinel phases that begin to form more efficiently than 

aliovalent Ga substitutions and result in a net loss in free carrier density above a certain dopant 

threshold.  

 

4.4 Conclusions 

Al and Ga dopants were introduced into 10 nm ZnO NCs at varying concentrations to 

examine the underlying mechanisms behind free carrier generation. Analysis of the LSPR 

features for X% AZO and GZO using FTIR reveal that the plasmon resonance does not shift 

significantly with increasing dopant as would be expected. SSNMR was therefore used to 

investigate where the dopant ions are incorporating within the NC to identify what neutral defect 

complexes are formed. 71Ga SSNMR experiments show a single, four-coordinate Ga site at low 

doping levels, indicative of aliovalent substitutional dopant incorporation at the C3v Zn site. As 

the dopant concentration increases, a six coordinate Ga site increases in intensity. This site 

reflects the interstitial incorporation of Ga into the octahedral holes within the wurtzite ZnO 

crystal structure. 27Al SSNMR experiments provide further insight due to the sharper line 

features of 27Al. Al dopants are shown to incorporate into four unique crystalline environments, 

including a highly crystalline substitution on the Zn site, a five-coordinate interstitial dopant site, 

as well evidence of the formation of the insulating spinel (ZnAl2O4) phase. 67Zn SSNMR was 

used to investigate the effect of free carrier generation on the host lattice nuclei. The 67Zn signal 
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is shifted downfield as the dopant concentration increases, indicative of a Knight shift. The 

intensity of the Knight shifted intensity reaches a maximum at 10% Ga, which is likely near the 

crossover point where the spinel phase is primarily formed, and no further free carriers are 

created. This work identifies the crystalline sites in MZO NCs where dopants incorporate and 

how this effects the generation of free carriers and ultimately the observed LSPR.  
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APPENDIX 
 

SURFACE DEPLETION WIDTH CALCULATIONS 
 
 

The surface depletion region width equation and all appropriate constants for ZnO were 

adapted from ref. 134. 

𝑑 = R-#/,0#"X1
"!Y2

3(N)
S
4/-

        (16) 

Here, d represents the width of the surface depletion region, εZnO is the relative dielectric 

constant of ZnO (8.7), ε0 is the permittivity of free space, ΦS is the height of potential barrier 

calculated for ZnO (0.5 eV), e is the elementary charge of an electron, and ND
+(T) is the 

temperature dependent activated donor concentration (chosen to be 1 x 1021 cm-3 based on the 

NOBF4 titration results). 

Using these values, the surface depletion width is determined to be 0.7 nm for a ZnO 

material with a free carrier density of 1 x 1021 cm-3. In order to calculate the percentage of dopant 

deactivation within a NC based on this depletion width, the volume of a 10 nm sphere is first 

calculated using the following equation, 

𝑉 = L
G
𝜋𝑟G          (17) 

where V is the volume of the sphere and r is the radius. Then, the volume of the undepleted NC 

core is calculated by subtracting the depletion width from the diameter of the NC (10 – 0.7 = 9.3 

nm) and calculating the volume of the resulting 9.3 nm sphere. The percentage of the NC affected 

by the surface depletion region can then be calculated using the following equation. 

%	𝑑𝑒𝑝𝑙𝑒𝑡𝑒𝑑	𝑣𝑜𝑙𝑢𝑚𝑒 = 94"	,6297.*	,6
94"	,6

	 ∗ 100    (18) 
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