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ABSTRACT

ALIOVALENT DOPANTS IN ZNO NANOCRYSTALS: SYNTHESISTO
ELECTRONIC STRUCTURE

September 2017
DONGMING ZHOU, B.A., ZHEJIANG UNIVERSITY
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor Kevin. R. Kittilstved

Semiconductor nanocrystal doping has stimulated broad interest for many
applications including solar energy conversion, nanospintronics, and phosphors or optical
labels. The study of the chemistry and physics of doped colloidal semiconductor
nanocrystals has been dominated in the literature by isovalent dopants such as Mn?* and
Co?* ions in 11-VI semiconductors, in which the dopant oxidation state is the same as the
cation ions. Until recently, aliovalent dopants has received much attention due to the
plasmonic properties. Aliovalent is when the oxidation states of the dopant in the lattice
differs from the cation ions. In the plasmonic semiconductor nanocrystals, the dopants are
noted as shallow donor and can donate electrons to the conduction band, resulting in the
collectively resonate of the delocalized electrons under certain electromagnetic radiation,
i.e. localized surface plasmon resonances (LSPR). However, only small amount of the
dopants can donate delocalized electrons. The amount of ‘activated’ dopant is restricted by
the synthetic methods and the defect chemistry related to the plasmonic property is still
under debate. In this report, we are using AI** doped ZnO nanocrystals as an example. We
have established a synthesis method to bring more dopant incorporation and less charge

compensation defect, so higher electronically activated dopant is achieved. These results

Vi



provide a synthetic strategy as well as the electronic structure understanding for the
aliovalent dopants in semiconductor nanocrystals.

On the other hand, less attention has been focused on the deep donor dopant such
as Fe*" in 11-V1 semiconductors. Deep donor, due to the oxidation redox potential lower
than the conduction band potential (deep), instead of donating electrons in conduction
bands, will donate electrons in trap states or defect states. For deep donor, less is known
for the driving force to determine the oxidation state of the n-type dopant. Here, we have
developed a dopant-specific spectroscopy for estimation the deep donor Fe3* speciation,
i.e. substitutional, interstitial, or surface Fe** in ZnO nanocrystals and conducted photo-
charging experiment to study the redox potential of the deep donor dopant. These studies
could help to identify the dopant speciation and understand the interactions between the

conduction band electrons and the deep dopants.
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CHAPTER 1

INTRODUCTION

Doping in bulk semiconductor has a long history and was first patented since the
1950s. The purpose of doping in bulk semiconductor by introducing impurities is to
modulate its electrical properties, and in most cases, increase the carrier concentration and
conductivity. The undoped material is called intrinsic semiconductor and the doped
material is called extrinsic semiconductor. The concentration of both electron and hole can
be tuned by either n-type dopant (Donor) and p-type dopant (Acceptor). Using well-known
silicon as an example. The oxidation state of silicon is +4 when doped with a group V
impurity (e.g. Antimony, Phosphorous, Arsenic etc.), an extra electron is donated to the
semiconductor, known as n-type doping. When doped with a group 111 impurity (e.g. Boron,
Gallium, Indium etc.), an extra hole is donated, or an electron is accepted, known as p-type

doping.

CB CB

VB

® free electrons O free holes

Figure 1.1. Band diagram for doping in bulk semiconductor.



The extra carrier donated by the dopant is loosely bounded to the impurity atom.
While the doping also introduces energy states within the band gap. Electron donor
impurities create states near the conduction band while electron acceptor impurities create
states near the valence band. The energy distance between the donor level (acceptor level)
to the conduction band (valence band) is called binding energy, Eq (Ea). The donor energy
level (Eq) for Antimony, Phosphorous, Arsenic are 43, 45, and 54 meV respectively. The
acceptor energy level (Ea) for Boron, Gallium, Indium are 45, 74, and 157 meV
respectively. They are all close to KT at room temperature (25 meV), so the electron or hole
will be thermally populated to the conduction band and valence band. Doping also will
alter the Fermi level. The Fermi level of the intrinsic semiconductor (E;) lies approximately
halfway in between conduction and valence bands. For n-type semiconductor, Fermi level

can be expressed as
np

Er — E; = kTIn(—)
n;

(Eq1.1.1)

And for p-type semiconductor, Fermi level can be expressed as
Ny
E; — Ep = kTIn(—)
n;

(Eq1.1.2)

np and na are the concentration of donor electrons and acceptor holes, n; is the
intrinsic carrier concentration. This suggests that the Fermi level in the n-type
semiconductor is higher than the intrinsic Ei, while the Fermi level for p-type

semiconductor is lower than E;.



When an n-type and p-type semiconductors are connected. The Fermi level must
remain constant for both sides in a system in thermodynamic equilibrium, the electrons
from the n-type flow into p-type and compensate the holes, or the holes from the p-type
flows into n-type compensate the electrons. This creates a depletion region of charge
carriers with a built-in potential Vpi. Such junction is called p-n junction. Changing the bias
connected to junction can tune the current flow. When a forward bias is applied to
compensate the built-in potential, current can flow from p site to n site. When a reverse
bias is applied, the depletion region increases, thus no current will flow. The tunability of
current flow in one direction but not opposite direction makes p-n junction a perfect
candidate for diodes. Currently, p-n junction already become elementary ‘building block’
of most semiconductor electronic devices such as diodes, transistors, solar cells, LEDs and
integrated circuits. These further constitute the electronic devices of our daily use, such as
cellphones, computers.

After doping has been extensively applied to semiconductor industry, scientist and
engineer tried to make to the semiconductor smaller and smaller. Until the late 1980s and
early 1990s, when the semiconductor is made with only couple nanometers, scientist
observed that the band gap of semiconductor increases as the size decrease and the band
become dispersed, as seen in Figure 1.2a. This property is called quantum confinement.

Imagine an electron confined in a box with length L. The possible energy can be written as

h? n? ni n?
E=Ec+% L_?t‘i'é‘l'l‘_g n1‘2’3=1,2,...
(Eq 1.1.3)

When the size is smaller enough, the second term becomes distinct and dispersed.

When the semiconductor is excited with a photon, an electron was excited to the conduction



band left with a hole in the valence band. Before the electron and hole recombine and emit
a new photon, the electron is cooled to the bottom of the conduction band and hole is cooled
to the top of the valence band, so the emitted photon is the exact band gap energy. As in
the case of CdSe, the 2.0 nm CdSe will emit a blue light while 4 nm will emit a red light.
Extensive methods on controlling the shape and size distribution of quantum dots have
been established!* and currently, the emission bandwidth can be achieved much smaller
than the conventional LED, thus much sharper color can be obtained. This technique has

already commercialized in Quantum dot LED TV (QLED)

(A)
Bulk Band Quantum
Structure Dots
Conduction
Band
=
;_-:; Band
Gap
o
w (€)

Valence
Band

Decreasing Size

Figure 1.2. (a) Band structure for quantum dot shows the band gap increase and become
dispersed as the size decrease. (Adapted from www.sigmaaldrich.com). (b) Bandwidth of
photoluminescence for both conventional LED and quantum dot LED. (c) Size-dependent
emission for CdSe quantum dots. (Adapted from www.samsung.com).

Doping in semiconductor nanocrystals or quantum dots can also extensively expand
the applications of these nanostructures. Unlike the bulk semiconductors in which the

dopants increase the carrier concentration for the current flow, doping in semiconductor



nanocrystals introduce new properties as individual nanostructures. Each nanocrystal holds
the property from the dopant, and the application can be achieved either in ensemble or
superlattice.

Doping into semiconductor nanocrystals has stimulated broad interest in
applications including solar energy conversion,>’ nanospintronics,® and phosphors or
optical labels.®'? Most of the applications for doping in semiconductor nanocrystals can be
divided into two categories depending on the dopant properties. Some transition metals
dopant can be treated as introducing spins into the semiconductor nanocrystal, this is
targeting spintronic applications. Such semiconductor is called Dilute Magnetic
Semiconductors (DMSs). In the design of spintronic architecture, the dopants act as the
quantum bits (qubits). The spin state can be prepared and manipulated both electrically**4
and optically*>'® through injection of spin-polarized carriers. The spin state needs to stay
long enough before reads out so there are enough correction and manipulation time window.
This requires the dopant spin relaxation to be very slow. The factors that affect the spin
relaxation time will be discussed in detail later in this Chapter.

The other part of applications utilizes dopant to introducing new electronic states.
These electronic states can further act as intermediate states for electron/hole transfer, or
energy transfer, targeting solar energy conversion or optical label applications. For
example, Mn?* doped CdS quantum dot has been applied in Quantum Dot Sensitized Solar
Cells. Mn?* creates electronic states in the mid-gap region of QD and alters the charge
separation and recombination dynamics. What’s more important is, after the electrons
being transferred to Mn?*, the long-lived excited state could be utilized for charge

separation and boosts the power conversion efficiency up to 5%.® Another example is



lanthanide-doped upconversion nanoparticles.t”? In upconversion nanoparticles, the
absorption and emission spectra of lanthanide dopants Er¥*, Tm**, and Ho®*" contribute from
the intra-configurational 4f" electron transitions, these dopants work as the activators. To
enhance the upconversion efficiency, larger absorption cross-section dopant Yb®* utilized as the
sensitizer for absorbing low energy photon. Once two or more sensitizers been excited, the
energy transfers to the activator to excite higher energy transition, so the emission can have
higher energy. The low energy photon allows the transition into biological tissue, thus the
upconversion nanoparticles are most applied in biological labeling, imaging, and therapy.

The study of the chemistry and physics of doped colloidal semiconductor
nanocrystals has been dominated in the literature by isovalent dopants such as Mn?* and
Co?* ions in 11-V1 semiconductors, in which the dopant oxidation state is the same as the
cation ions. When the oxidation state of the dopants is different from the cation ions, the
dopants are called aliovalent dopant. As mentioned in the bulk semiconductor doping,
aliovalent doping will introduce either an extra electron (n-type) or extra hole (p-type) in
the semiconductor. Aliovalent doping in nanocrystals, even though been less studied, also
holds interesting properties targeting various applications. One of the properties comes
from the free carriers donating from the aliovalent dopants. Like bulk semiconductor
doping, some of the aliovalent dopants could also donate delocalized carriers either in the
conduction band or in the valence band, such as AI** doped ZnO NCs, Sn** doped in In,03
NCs, and the vacancy doped in Cuz«E; E=S, Se, and Te NCs. These dopants are noted as
shallow donor/acceptor. When the band carriers accumulated to a certain level, a plasmonic
response occurs, noted as localized surface plasmon resonances (LSPR). These materials

could be used in chemical sensing?!, imaging?>22, surface-enhanced Raman spectroscopy?*



26 and enhanced optoelectronic?’ using near-field enhancement. This part will be discussed
in detail in 1.2. Some other aliovalent dopants, however, due to their high binding energy,
will not thermally activated electrons/holes into conduction band/valence band. These
dopants are called deep donor/acceptor. The electron or holes could be compensated by the
surface dangling bond or the defects such as cation/anion vacancy or interstitial. The
oxidation state of the heterovalent dopants in the semiconductor nanocrystals can be tuned
through the charge transfer from band carriers, so the aliovalent dopants could act as carrier
transfer intermediate state. In the case of Fe** doped TiO2 NCs, the electron excited to
internally doped Fe®* could transfer to surface Fe?*®* as co-catalysts. The electrons in the
surface Fe®* could efficiently cause multielectron reduction of absorbed oxygen
molecules.?®

Besides the promising properties of doping in semiconductor NCs, challenges
remain in the synthetic approach and analytical methods, especially for the aliovalent
dopants. Effective dopant incorporation requires the dopant substitute the host atoms in the
NC core. However, NCs undergo self-purification due to the higher formation energy of
dopants incorporation compared to bulk materials.?>*° Under thermodynamic equilibrium,
the dopant tends to be annealed out to minimize the overall free energy. Luckily, kinetic
control the growth at the commonly used experimental temperature (<400 °C). Balancing
the dopant precursor activity and host cation precursor activity opens the opportunities for
the dopant incorporation. Aliovalent dopants usually have larger crystal radius difference
with the host ions compared to the isovalent dopant. For example, considering doping in
ZnO NCs, Zn®* has 0.74 A crystal radius in tetrahedral symmetry. The crystal radius of

Mn?*, Fe®*, AI** are 0.8 A, 0.63 A, and 0.53 A respectively. A larger difference in crystal



radius results in higher formation energy for dopant incorporation and requires more effort
to balance the kinetics during synthesis.

Another challenge is the dopant characterization. As mentioned before, the desired
dopant incorporation is substitution the host ions in the core. After dopants been
incorporated, there are four different dopant speciation, i.e. substitutional dopant,
interstitial dopant, dopant stays on the surface, and dopant forms secondary phase.
Differentiate the dopant speciation typically requires the information of dopant local
coordination. Basic characterizations include elemental analysis by inductively coupled
plasma atomic emission spectroscopy (ICP-AES), X-ray photoelectron spectroscopy
(XPS), X-ray diffraction (XRD), and optical absorption or photoluminescence
spectroscopy. These measurements cannot give the local information of dopant sites. For
example, XRD can detect the secondary phase, however, when the secondary phase
includes clusters forming by few atoms, the signal is broadened out. The absorption will
show the dopant-induced ligand to metal charge transfer (LMCT) or metal to ligand charge
transfer (MLCT), but all the speciation will show the LMCT/MLCT, and some of them
may overlap, so based on the new absorption feature induced by the dopant, dopant
speciation is still not clear.

In this report, we will approach both challenges, including a new synthetic strategy
to bring more substituted aliovalent dopant in ZnO NCs and establish a method to
differentiate different dopant speciation for Fe** in ZnO NCs. The report is divided into
two main parts: deep donor in ZnO NCs and shallow donor in ZnO NCs. Each part has its
own interest and approaches, in this chapter, a more detailed introduction is presented into

two parts.



1.1. Deep Donor in Dilute Magnetic Semiconductor

Transition metal doping into semiconductor nanocrystals known as diluted
magnetic semiconductor (DMSs) has attracted intense focus for the potential applications
in spin-based information-processing technologies.®*** As mentioned previously, The spin
state needs to stay long enough for storage and correction before reads out, thus long
enough spin relaxation time is required. The spin relaxation is affected by the effective
magnetic field in the NCs, since any effective magnetic field can interact with the magnetic
moment of the electron’s spin thus alter the electron’s spin state. Once a Spin encounters a
new effective magnetic field, if the spin polarizations are not parallel or anti-parallel to the
new magnetic field, the spin will precess about the field direction, known as Larmor
precession. If the effective magnetic field originated from the spins of other electrons or
holes in the NCs, from the nuclear spin, or from spin-orbit interactions, the relaxation
mechanism is called spin-spin relaxation, known as T>. Among those, spin-orbit interaction
is one of the major mechanisms that determine the spin relaxation time. Spin-orbit
interaction can be treated simply as electrons orbiting around the nucleus. Imagine an
observer sitting on the electron, the proton will appear to rotate around the observer and
creating a magnetic flux density on the electron. This magnetic flux density is proportional
to the orbital angular momentum. Another source of effective magnetic field can come
from the phonon scattering in the NCs. This is called spin-lattice relaxation, known as Tx.
The phonon scattering will randomly change the electron’s velocity or wavevector K, thus
changes the magnetic flux density from the spin-orbit interaction. This further affects the
spin precession direction, hence, the spin polarization changes randomly in time resulting

in relaxation.



ZnO is a common matrix used for DMSs due to both the superior optical properties
that allow optically spin preparation, manipulation, readout as well as the abundant nuclear
spin-free isotopes of Zn (96%) which could help to reduce the spin-relaxation.®® The study
of DMSs has been dominated by the isovalent dopant such as Mn?*.323% Mn?* has a half-
filled d-shell (d°), when doped into tetrahedral coordination lattice, the ground state %A;
has no orbital momentum, this could help to reduce the spin-orbit interaction, thus lengthen
the spin relaxation time further.

Fe3* is predicted to be even more suitable for DMSs targeting spintronics
application. Fe** has the same d® configuration, however, Fe has no nuclear spin and this
could stabilize more compared to Mn?*. Indeed, 1.4 ms spin coherence time (T>) has been
observed in Fe** doped ZnO*® compared to 0.9 s for Mn?* doped ZnO nanocrystals.

Fe3*, if doped into ZnO nanocrystals, act as a deep donor. However, Most of the
experimental studies of Fe dopants in ZnO nanostructures or bulk powders exhibit the
mixture of both 2+/3+ oxidation states.>*3° Kataoka et al. have shown the presence of
multiple Fe geometries and oxidation states in ZnO nanocrystals using XAS and X-ray
magnetic circular dichroism spectroscopy: octahedral Fe3* (~65%), tetrahedral Fe®*
(~15%), and tetrahedral Fe?* (~20%).3® Karmakar et al. proposed the core—shell structure
in which Fe®" is on or near the ZnO surface and Fe?* ions are located mostly in the ZnO
core. By using various X-ray spectroscopic techniques, McLeod et al. presented similar
evidence for Fe?* substitution in bulk ZnO with Fe®* dopants near the surface.®

The dopant oxidation state can be roughly estimated by the redox potential of each

dopant relatively to the band potential. Ligand to metal charge transfer (LMCT) combined

10



with metal to ligand charge transfer (MLCT) describe the position of dopant redox potential,

as seen in Figure 1.3(a).

(a) cB (b)

MLCT
. Co3+/2+

Figure 1.3. (a) Illustration of estimation of dopant redox potential within the ZnO band
potential using ligand to metal charge transfer (LMCT) and the metal to ligand charge
transfer (MLCT). (b) Calculated redox potential of first-row transition metals. The data is
based on the calculation in reference 3. The Fermi level is set in the middle as an ideal
case.

Charge transfer transition energies can be predicted using Jorgensen’s optical
electronegativity model*® following the eq 1.1.4, in which the energy of LvsMCT are

related to the difference between the optical electronegativity (y) of the donor (D, here is

valence band) and acceptor (A, here is dopant center).
Ecr = 30,000cm™ (xope(D) = Xope(4)) + ASPE £ 10Dq

(Eq 1.1.4)

ASPR refers to the difference in spin pair energy for before and after the transition.
10Dq refers to the ligand field correction.

Figure 1.3b shows the calculated redox potentials for first-row transition metals.
Fe?*3* shows the highest redox potential, way higher than mid of the gap where the

idealized Fermi level expected to be. So Fe?* can donate an electron into the lattice. Since
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the redox potential is still lower than the conduction band potential, Fe3* can only act as a
deep donor.

However, the coexistence of the 2+/3+ in the experimental results indicates much
more complicated situations in the nanocrystal. Part of the reason is due to the ambiguous
of Fermi level. ZnO is usually n-type by its nature due to the possible existence of oxygen
vacancies. N-type nature will raise the Fermi level, and it is also dependent on the
preparation methods. When the Fermi level is higher than the dopant redox level, the deep
donor could become isovalent dopant. Another reason for the coexistence results comes
from the lack of clear analytical probes for the dopant speciation. The incorporation of the
dopants can stay at the substitutional site, interstitial site, surface site or even forming
segregated clusters. Each analytical probe has its own strengths and limitations; thus, the
identification of the dopant speciation remains a challenge.

In this thesis, Chapter 2 will establish a dopant-specific method to identify the Fe*
speciation in ZnO nanocrystals using electron paramagnetic resonance (EPR) and EPR
simulation. Only 3+ of the Fe is observed occupying both pseudo-tetrahedral
(substitutional at the Zn-site) and pseudo-octahedral (surface and interstitial) coordination
environment. The growth study shows the dopant distribution across the nanocrystals.

Chapter 3 studies the effects of photo-charging on the electronic structure of Fe3*
doped ZnO colloidal nanocrystals. Stepwise photodoping slowly increases the Fermi level
of the system. We observe the disappearance of the spectroscopic signatures attributed to
both substitutional Fe** and interstitial Fe** in the ZnO host as a function of photodoping

time, which precedes the appearance of the well-known localized surface plasmon
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resonance from conduction band electrons in ZnO nanocrystals. These results suggest that

the oxidation state of Fe3* defects can be reversibly switched in ZnO nanocrystals.

1.2. Shallow Donor in Plasmonic Doped Metal Oxide Nanocrystals

When the dopant redox potential is close enough or higher than the conduction band
potential, the n-type aliovalent dopants will donate degenerate electrons to the conduction
band and resulting metallic behavior. These dopants are called shallow donor. When the
carrier concentration in a material reaches high enough, a plasmonic response occurs.
Metal is the most common plasmonic material. Since the electrons in the material are
delocalized, when exposed to an external electromagnetic radiation, the delocalized charge
carriers will collectively resonate within a material. The oscillations of the carriers causing
displacement of the carriers relative to the core (the positive nuclei), and further leads to
net charges at the nanoparticle surface. Such surface plasmon resonances (SPR) will
propagate along a metal-dielectric interface. For a nanoparticle containing a high electron
density, this resonance is confined as localized surface plasmon resonances (LSPR).

The most notable properties of LSPR materials is the so-called near-field
enhancement (NFE). This is caused by the displacement of the charges in the nanocrystals
creating an oscillating dipole, and itself creates an oscillating field upon absorbing a photon
at the resonance frequency. This oscillating field will extend to the surrounding of the
nanoparticle and is orders of magnitude enhanced compared to the incoming electric field
and decay exponentially with distance.** The NFE can be utilized for chemical sensing??,
imaging?%?3, surface-enhanced Raman spectroscopy?*2¢, and enhanced optoelectronic?’.
On the other hand, after absorbing the photon at the resonance frequency, part of the energy

is released upon scattering with electrons and phonons. This results in an efficient local
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heating of the nanoparticle within only several hundreds of femtoseconds.*? The heat is
then transferred to the surrounding medium around the nanoparticles. This property has
been utilized for photothermal therapy in cells.?24

The LSPR resonances create an absorption with large extinction cross sections
when the resonance condition is matched:

w3 "
Wrspr = 1+—2£ -V
m
(Eq 1.1.5)
This is so called Drude-Lorentz model. Here, ¢ is the dielectric constant of the

surrounding medium and vy is the damping constant. wp is the plasma frequency, which is a

function of carrier concentration (n) and effective mass (m®), as illustrated in Equation 1.1.6.

ne?

w =
p o

(Eq 1.1.6)

Where e is the unit of elementary charge and o is the permittivity of free space.

The Drude-Lorentz model points out that the peak energy of LSPR is largely
impacted by the carrier concentration in the nanoparticles (see Figure 1.4a). As for metals,
such as Au and Ag, the carrier densities can reach up to 10% cm?, this in return determines
the LSPR for Au and Ag nanoparticles at the visible spectrum. The LSPR energy tuning
can be achieved by adjusting the size and morphology of the metal nanostructures.*4-4®

However, the rigid of carrier densities for Au and Ag nanoparticles limits the tuning ability.
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Figure 1.4. (a) Localized surface plasmon resonance (LSPR) frequency dependence on

free carrier density and

doping constraints. (Adapted from reference 47) (b) LSPR

extinction spectra color map (gradients express LSPR spectra, with the maximum darkness
corresponding to peak position) of doped metal oxide and metal nanocrystals spanning

from the visible spectrum

to the mid-IR spectrum.(Adapted from reference 48)

For aliovalent doped metal oxide nanoparticles, the conduction band electrons

come from the donation of each dopant. Changing the chemical composition can easily

tuning the LSPR energy.
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As shown in Figure 1.4b, the carrier densities can be adjusted from 10*8-10%2 cm™*
by changing the elementary composition and dopant concentration. The LSPR energy can
be reached from NIR to MIR.***® More importantly, tuning the LSPR energy through
adjusting the chemical composition can maintain the optimized physical dimension for the
target applications. Milliron group fabricated a smart window using the doped metal oxide
nanocrystals.>”%® This window can tailor the plasmonic resonance through applied voltage.
When light is needed, the window can filter the heat through absorbing the NIR photons
with transparent in the visible spectrum or let the heat go through while blocking the visible
light.

Tuning the LSPR energy by modifying the chemical composition requires a
specifically synthetic method for each dopant-matrix composition. Doping in nanocrystals
is a long-standing challenge and has stimulated intensive research.>® The lattice strain
introduced by the dopant limits the dopant incorporation. This is the case especially when
dopant’s ionic radius has a large mismatch with the cation ions, such as AI** in ZnO
nanocrystals. On the other hand, even when the aliovalent dopant been substituted into the
lattice, not every dopant will contribute electron to the conduction band. In fact, only 5%
of AI®* will donate electrons to conduction band when doped into ZnO nanocrystals has
been reported.®® The amount of electronically activated dopant varies drastically across the
different synthetic methods for Sn** doped In,O3 nanocrystals.®* The author attributed the
variation of the dopant activation to the dopant distribution difference across the several

synthetic methods.
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Figure 1.5. (a)-(d) Schematic representation of the common n-type doping mechanisms in
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Figure 1.5 (a)-(d) shows the three common n-type doping mechanisms in metal

oxide: oxygen vacancies, aliovalent substitutional dopants, and interstitial dopants. The

opposite direction is the p-type doping mechanisms: interstitial oxygen and cation
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vacancies. When the aliovalent substitutional dopant and interstitial oxygen or cation
vacancies coexist, charge compensation will deactivate the dopant.
Agoston et al.®2 and Hwang et al.®3 studied the defect chemistry in Sn** doped In,03

to investigate the point defects effects on the carrier concentration and the Sn**

compensation. (see Figure 1.5 e). The defect complexes (ZSnI'n - O'i') is the main source

for Sn* compensation. At low Sn** concentration, the free electrons are contributed by the

intrinsic oxygen vacancies. Increase the Sn** concentration to the extrinsic region, the

concentration of defect complexes (ZSnI'n - O'i') is still negligible compared to the dopant

concentration, thus most of the Sn** will donate electrons to the conduction band. At the
compensation region, the compensation complex is more than the substituted Sn**, thus
increasing the dopant concentration lead to a saturation effect.

Up to now, we can conclude that the defect chemistry determines the aliovalent
dopant activation, and it is also highly dependent on the synthetic conditions. However,
synthetic strategies addressing both dopant incorporation issue together with the ability to
tuning the defect chemistry remains challenging. The Chapter 4 of this thesis provides an
etching and regrowth method for easily bringing AI** into ZnO nanoparticles. Further
structure studies also confirm that the highly electronically activated AI** is originated

from the less defect been created during synthesis.
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CHAPTER 2

CONTROL OVER FE®* SPECIATION IN COLLOIDAL ZNO NANOCRYSTALS

2.1. Introduction

The incorporation of transition metals ions into nanoscale 11-VI semiconductors has
led to the discovery of many interesting magnetic and photophysical phenomena.’® The
study of the chemistry and physics of doped colloidal semiconductor nanocrystals has been
dominated in the literature by isovalent dopants such as Mn?* ions.®® Recent advances in
the synthetic methods of nanocrystals have enabled studies involving aliovalent dopants
such as AP* in ZnO (AP*:ZnO) and In*:SnO; that display interesting plasmonic
properties.®!! The stability of some transition metal ions such as Fe?* and the early 3d ions
has limited their incorporation into ZnO due to their tendency to oxidize. However, there
are numerous reports of substitutional Fe**:ZnO (bulk and nanocrystals) exhibiting
interesting physical properties.'?® It was also demonstrated that Fe* in single crystal ZnO
possesses a long spin coherence lifetime that is largely limited by the isotopic purity of the
Zn0.* Therefore, a rational design element exists for exploring Fe-based diluted magnetic
semiconductors (DMSs) for spin-based quantum computing applications compared to
Mn?*-based DMSs? that cannot avoid the inherent fast nuclear spin diffusion due to the | =
5/2 nuclear spin of >®Mn. In addition, the possibility of combining paramagnetic and
aliovalent dopant ions in a quantum-confined semiconductor nanocrystal could be achieved
simultaneously with Fe** in ZnO.

Significant interest in transition-metal doping of wide gap semiconductors began
after theoretical predictions of high temperature ferromagnetism in Mn?*:Zn0Q.*"18

Ferromagnetic ordering mediated by shallow electron donors was also predicted based on
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analysis of the charge transfer electronic structure of Fe?*:Zn0.° Recently, Fe doped ZnO
has received increased attention following the experimental reports of room temperature
ferromagnetism in both thin films?® and nanocrystals.?* However, antiferromagnetism was
observed in polycrystalline samples synthesized by both solid-state and sol-gel
processing.?>?® These contradicting results, combined with the possible formation of
magnetic phases in the Fe-Zn-O phase diagram, have been major hurdles in formulating a
detailed understanding of these materials in the bulk or with nanoscale dimensions.

The majority of experimental studies of Fe dopants in ZnO nanostructures or bulk
powders report the oxidation state as a mixture of both 2+/3+ based either on Méssbauer,?
EPR, or x-ray photoelectron (XPS) or absorption spectroscopy (XAS).?1:2526 Kataoka et al.
have shown the presence of multiple Fe geometries and oxidation states in ZnO
nanocrystals using XAS and x-ray magnetic circular dichroism spectroscopy: octahedral
Fe3* (~65%), tetrahedral Fe** (~15%), and tetrahedral Fe?* (~20%).2> Karmakar et al.
proposed the core/shell structure in which Fe®* is on or near the ZnO surface (shell) and
Fe?* ions are located mostly in the ZnO core.?! By using various X-ray spectroscopic
techniques, McLeod et al. presented similar evidence for Fe?* substitution in bulk ZnO
with Fe** dopants near the surface.?® For nanostructured materials with dimensions >30 nm
the presence of mixed-valent Fe dopants appears to be a consensus, however, the speciation
of Fe dopants in free-standing colloidal ZnO nanocrystals remains poorly understood.
Colloidal forms of nanostructured inorganic materials have many advantages over powders
including compatibility with existing solution processing technologies and by
transmission-based spectroscopies. Of particular relevance to the study of DMS

nanomaterials, colloidal suspensions allow for electronic structural investigations without
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the presence of interfacial defects between aggregates that are not well understood and
difficult to control.?’

We report the room-temperature solution synthesis and characterization of phase-
pure, colloidal Fe** doped ZnO nanocrystals up to 2% cation mol fraction of Fe. Using
EPR spectroscopy, we identify three unique sites for paramagnetic Fe** in the ZnO lattice:
(1) substitutional at the Zn-site, (2) at a rhombically-distorted octahedral site attributed to
interstitial Fe*, and (3) directly-bound to the nanocrystal surface. The EPR spectrum of
0.15% Fe:ZnO closely matches the simulated spectrum using of Fe3*:ZnO single crystal
after introducing only axial and rhombic strain induced by Fe®* substitution and nanoscale
dimensions. The electronic absorption and EPR spectra are consistent with the absence of
Fe?* ions in the ZnO lattice. Furthermore, we correlated growth kinetics with EPR
spectroscopy to confirm previous results that doped ZnO nanocrystals prepared by this
synthetic route result in nucleation of a pure ZnO core followed by incorporation of dopants

only during growth.

2.2. Experimental Section

Materials: All chemicals were used without additional purification. Zn(OAc), « 2H.0
(OAcC = acetate, 98.0 — 101.0%, [Fe] = 5 ppm) was purchased from Ricca Chemical.
Fe(OAC)2 (94.4%), tetramethylammonium hydroxide pentahydrate (TMAOH, 99%),
dodecylamine (DDA, 98%) were purchased from Acros Organics. Dimethylsulfoxide
(DMSO, 99.9%), ethyl acetate (99.9%), heptane (99.3%), and toluene (99.96%) were
purchased from Fisher. Ethanol (200 proof) was purchased from Pharmco-Aaper.
Synthesis of Fe:ZnO Colloidal Nanocrystals: The wet-chemical route used to prepare

colloidal Fe:ZnO nanocrystals was modified slightly from an existing literature method.®”’
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Briefly, Zn(OAc)2 2H20 (0.55 mg, 2.5 mmol) was dissolved in 25 mL DMSO. For Fe-
doping, an amount equiv to 0.002 — 0.05 cation mol fraction of Fe(OAc), was added to the
Zn?* solution. The Fe?* ion oxidizes readily Fe*" under basic conditions. To initiate ZnO
nucleation and growth, 1.7 equiv of TMAOH (0.77 g, 4.25 mmol) dissolved in 7.7 mL of
ethanol was slowly added dropwise over 90 s to the Zn/Fe solution under vigorous
magnetic stirring. Nanocrystal sizes were controlled by the reaction time or amount of
added hydroxide solution.

The colloids were precipitated from the DMSO reaction solution by addition of

ethyl acetate and centrifuged. The resulting pellet was suspended in ethanol followed by
precipitation with heptane and centrifugation. Finally, the surfaces ligands were exchanged
by heating the nanocrystal powder in neat DDA at 180 <T for various times. All synthetic
procedures were performed under ambient conditions in a chemical fume hood.
Physical Methods: Electronic absorption spectra were collected using either a Czerny-
Turner style dual-beam spectrophotometer (Varian Cary 50) or a fiber-optic based USB
spectrophotometer (Ocean Optics UV-Vis 2000) equipped with a non-ozone producing 75
W Xe lamp (Oriel) and appropriate bandpass filters. Fourier transform IR spectroscopy
was collected on a Varian 670 FT spectrometer equipped with a KBr beam splitter and
DLaTGS detector for mid-IR spectra or with a near-IR quartz beam splitter and InGaAs
detector for near-IR absorption measurements.

Room-temperature EPR spectra were collected with the TE102 mode of a dual-
mode resonator operating at a frequency of 9.805 GHz (X-band, Bruker Elexsys E-500).

Transmission electron microscopy images were collected on carbon coated (3 nm) Cu TEM
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grids (JEOL JEM 2000FX). Fe concentrations were determined by inductively coupled
plasma optical emission spectroscopy (ICP-OES, PerkinElmer 4300 DV).

The Spin-Hamiltonian and Simulation of EPR Parameters: Fe®*" (3d%) with Tq
symmetry has a ®A; ground term. The EPR spectra were simulated using the S = 5/2 spin
Hamiltonian?® given by Eq 2.2.1, including both axial and rhombic components to the zero-
field splitting (D and E, respectively). Where g is the Lande g-tensor, S is the Bohr
magneton and H is the external magnetic field. The axial distortion of the wurtzite crystal
field (Cav) and 2" order spin-orbit coupling from the 4T1 excited state splits the 8A; ground
term into three Kramers doublets separated by 2D and 6D. The 4" order components a and
F are cubic-field splitting parameters. For a thorough review and application of the spin
Hamiltonian see refs. 2° and 2. EPR spectra were simulated with the spin-Hamiltonian

parameters given in Table Al (see Appendix A) using EasySpin.*

A =gpH S +D($3-35/,) +E(S2 - 52)
+2(S¢+ 54+ 82 =10

7F <§§ B 95 ao 81)

36 1272 T 15

(Eq 2.2.1)
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2.3. Result and Discussion

The electronic absorption spectra of colloidal ZnO and 0.78% Fe-doped ZnO QDs
are shown in Figure 2.1. The ZnO band gap absorption dominates the spectra of both
samples at 3.5 eV corresponding to a nanoparticle size of ~3.7 nm.3! The absorption
spectrum of the Fe-doped ZnO sample also displays a weak and broad tail that extends
down to ~2.2 eV that is responsible for its yellowish color. This visible transition has been
observed previously®® in the excitation spectrum monitoring the 4T1(G)—%A1 emission of
substitutional Fe®*. Those authors attribute the transition to the excitation of an electron
from the valence band to Fe**. The electronic configuration of this excited state is
analogous to a ligand-to-metal charge transfer (LMCT) transition resulting in a localized

Fe?* center with a Coulombically bound valence band hole.®

Absorption (a.u.)

—
'IllTl]TlTl

4.0 35 3.0 2.5 2.0 1.5 1.0
Energy (eV)

Figure 2.1. Electronic absorption spectra of ZnO (dotted line) and 0.78% Fe-doped ZnO
(solid line) suspended in toluene at room temperature. The Fe:ZnO absorption spectrum is
also displayed on an expanded y-scale (x150).
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The broad °E—°T; ligand field transition®? of substitutional Fe?*:ZnO at ~0.5 eV
was not detected even in concentrated colloidal suspensions (not shown). However, based
on the intense solvent overtones in the same region, we are unable to rule out the presence
of substitutional Fe?* in ZnO by absorption spectroscopy. However, indirect evidence that

is consistent with the absence of Fe?* in the dilute doping regime is discussed below.

2.0% Fe:ZnO (calcd = 5.7 £ 0.4 nm)

0.15% Fe:ZnO (calc d = 4.2 + 0.3 nm)

Intensity (a.u.)

(101)

S
ig bl 5 W
a & 2 eeg
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2q (degrees)

Figure 2.2. Powder X-ray diffraction patterns of 0.15% (bottom) and 2.0% (top) Fe:ZnO.
The vertical lines with varying intensity are the reflections from bulk wurtzite ZnO (ICSD
#82028). The asterisk (*) above the (102), (2-10) and (103) reflections denote that these
peaks were fit to a Gaussian function and used in the Scherrer equation to determine the
average grain size and deviation for the two samples. EPR spectra of these two samples
were shown in Figure 2 of the text. Powder X-ray diffraction is less sensitive than EPR
spectroscopy to minute secondary phases considering the nominal concentration of

Fe(OAC), added to the Zn(OAC)z.

The XRD spectra of Fe-Doped ZnO are shown in Figure 2.2. No other secondary
phase such as Iron oxide or Zinc ferrite are observed. However, XRD cannot give the

information of dopant local structure, instead, we are using EPR to solve the problem.
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Figure 2.3. Room temperature X-band EPR spectra of colloidal Fe:ZnO QDs as a function
of Fe concentration: (a) 0.15% Fe®*, (b) 0.78% Fe**, and (c) 2.0% Fe®*. The dashed, vertical
lines denote major resonances and associated effective g-values.

The EPR spectra of Fe**-doped ZnO with Fe concentrations from 0.15% - 2.0% are
shown in Figure 2.3. All Fe3*:ZnO QDs in Figure 2.3 were heated in dodecylamine (DDA)
at 180 <C for 30 min to enable dispersion of the QDs in toluene and remove surface Fe**
species. With increasing Fe content, the intense resonances spanning g'-values from 1.5 to
3 broaden significantly and the weaker resonances above g > 5 disappear from increased
dipole-dipole coupling and inhomogeneous broadening. In addition, there is an asymmetric
resonance at g' = 4.2 that is present in all of the spectra.

To confirm the identity of the Fe®** species we compared the experimental spectra
for the 0.15% Fe3*:ZnO nanocrystals with the simulated EPR spectrum of Fe**:ZnO single

crystal using the spin-Hamiltonian parameters determined by Walsh and Rupp? (D = —

593.7x10*cm 1, E=0,a=39x10%cm %, F=4 x 10 cm* and giso = 2.0062). Figure
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2.4 shows the different simulations using the single-crystal EPR parameters of Fe**:ZnO.
Figure 2.4a shows the single crystal parameters with only the addition of 30 G peak-to-
peak linewidth (isotropic broadening). The agreement between this simulated spectrum and
the 0.15% Fe3*:Zn0O nanocrystals shown in Figure 2.4d is poor. Although increasing the
isotropic broadening of the lines does result in better agreement of some of the broader
resonances, the sharp fine structure disappears entirely (especially at g' = 2.00). There is a
dramatic improvement between the simulated spectrum and experiment with the

introduction of D-strain (AD) as shown in Figure 2.4b. Additional improvement of the

simulated spectrum is obtained with the addition of E-strain (AE) as seen in Figure 2.4c.

(b)
£ e 4\/_1\/\/\/\/J\/
’| DD=184 x10  cm
Sl pE=0
%(C)
°

DD=DE=184x10  cm |
(d)

Experiment

1000 2000 3000 4000 5000

Field (Gauss)
Figure 2.4. Comparison between the (d) experimental EPR spectrum of 0.15% Fe:ZnO
colloidal nanocrystals and the simulated spectra with varying strain on the bulk EPR
parameters: (a) AD = AE =0, (b) AD =184 x 10*cm ™t and AE = 0 and (c) AD = AE = 184
x 10 cm™.
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The lattice strain caused by the large surface-to-volume ratio of the ZnO
nanocrystal increases the inhomogeneous line widths of the EPR transitions and creates a
distribution in the ZFS parameters. This effect has been observed previously in colloidal
Mn?*:ZnO nanocrystals’ and is accounted for in the EPR simulations by adding D-strain,
which is estimated to be AD = 184 x 10 cm™ (AD/|D| = ~28%) for 0.15% Fe:ZnO. In
comparison, AD/|D| ratios as large as ~26% have recently been reported in heteroepitaxial
films of Mn?*:Zn0.% We suspect that the main contribution to the lattice strain is a
combination of increased surface-to-volume ratio in the nanocrystalline hosts and the large
mismatch in effective ionic radii between Fe3* (0.49 A) and Zn?* (0.60 A). This difference

in ionic radii is larger than Zn?* substitution by Mn?* (0.66 A).%

DE=184" 10" cm™

DE=134" 10" cm™

di/dB (a.u.)

DE=67 10 " cm

1000 2000 3000 4000 5000
Field (G)

Figure 2.5. Effect of varying the magnitude of E-strain on the simulated EPR spectrum
(AD =184 x 10 cm™).
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In the hexagonal ZnO single crystal there is no static rhombic distortion to the
crystal field. However, the lattice strain could lead to E-strain while E = 0. By introducing
an equivalent E strain (AE = AD), the agreement between the simulated spectrum shown in
Figure 2.4c and the experimental spectrum is greatly improved. The sharp feature at g' =
2.00 actually becomes more resolved with increasing E-strain in the simulations as
expected since this feature is assigned to transitions between the ms = #1/2 Kramers doublet
(see Figure 2.5). The introduction of AE in Mn?*:ZnO was also required to fit the EPR
spectrum only when grown on sapphire substrates, but not when grown on lattice-matched
Zn0.% Surface strain due to shape anisotropy and Fe3* substitution could provide a similar
E-strain effect in the colloidal Fe**:ZnO nanocrystals presented here.

In contrast to previous reports on bulk or nanocrystalline powders,>?® we also
observe an additional resonance in the EPR spectra at g' = 4.2. This asymmetric resonance
does not shift nor broaden with increasing Fe mol fraction in contrast to substitutional Fe**
shown in Figure 2.3. To further investigate the origin of transition and the overall evolution
of the Fe3* speciation we monitored the EPR spectra at separate times during nanocrystal

growth.
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Figure 2.6. Room-temperature X-band EPR spectra of: (a) Fe directly bound to the surface
of ZnO QDs (~4 nm); Fe**:Zn0O (0.5% nominal Fe mol fraction) as a function of growth
time without heating in DDA after (b) 90 s, (c) 20 min, and (d) 5 h; and (e) after extended
ligand exchange of sample (d) with DDA at 180 <€ for 30 minutes under N2 flow. The
vertical dashed lines at g' = 4.2 and 2.09 denotes the position of the additional interstitial
and surface-related Fe** resonances, respectively.

The EPR spectra of Fe3*:ZnO QDs after addition of 1.7 equivalents of TMAOH at
various growth times are shown in Figure 2.6. As a control, we prepared “surface-only”
Fe®*:ZnO by adding 0.5% Fe(OAc). to undoped colloidal ZnO nanocrystals that were
allowed to grow for 30 minutes after addition of the TMAOH (see Figure 2.6a). The EPR
spectrum of these surface-bound Fe3* species displays a sharp negative feature with a
maximum at g' = 2.09 and a much weaker asymmetric peak at g' = 4.2 similar to the feature

observed in Figure 2.3 for the DDA-treated Fe®*:ZnO nanocrystals in toluene. Figures

2.6b-d show the EPR spectra of Fe:ZnO nanocrystals collected with increasing growth
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times from 90 s to 5 h. These spectra display clear evolution of the Fe* speciation during
the Ostwald ripening process of Fe**:ZnO nanocrystals. Only 90 s after addition of
TMAOH, the spectrum resembles some of the features of the surface-bound spectrum in
Figure 2.6a with the exceptions that now the g' = 4.2 peak dominates the spectrum and
there is the appearance of a weak, but sharp resonance at g' = 2.00 that is consistent with
substitutional Fe3* in ZnO (see experimental and simulated spectra in Figures 2.3 and 2.4).
With increasing growth time to 20 min, the relative amount of substitutional Fe3* in the
region between g = 1.5 and 3.0 increase compared to the g' = 4.2 resonance. In addition,
the sharper resonance at g' = 2.09 becomes a shoulder that is largely occluded by the
increasing presence of substitutional Fe3*. Even after 5 h of Fe*:ZnO growth, the g' = 4.2
resonance still contributes significantly to the EPR spectrum, but the relative intensity of
the substitutional Fe** signal has clearly increased compared to the 20 min spectrum.

It is known that surface impurities can be removed from ZnO QDs by heating in
neat DDA at 180 € for 30 min under N, flow.%"3* When we perform the same surface
ligand exchange procedure on the Fe:ZnO QDs we observe a significant decrease in the
intensity of the g' = 4.2 peak and total disappearance of the g' = 2.09 (Figure 2.6e). The g
~ 4.2 feature is prevalent in Fe3*-metalloproteins such as transferrin® and is typically
associated with rhombically-distorted octahedral coordination environments. In strongly
rhombic systems, the three pairs of Kramers doublets effectively mix and as a consequence
the AS = #1 selection rule for EPR-allowed transitions is relaxed.*® We therefore assign the
g' = 4.2 to pseudo-octahedral Fe®* presiding near the ZnO surface at an interstitial site with

a large rhombic component to the ZFS (E/D ~ 1/3).*"
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Based on the position and shape of the resonances, and the evolution of the spectra
shown in Figure 2.6, we conclude that the g' = 2.09 and 4.2 resonances in Figure 2.6a are
not correlated and therefore must originate from two unique surface-related Fe3* sites. If
these two signals were truly correlated, then the two signals would have the same relative
intensities between Figure 2.6a and 2.6b. We thus attribute the g' = 2.09 resonance to
surface-bound Fe3* based on the fact that it dominates the spectrum in Figure 2.6a, but
decreases in the Fe3*:ZnO spectrum after only 90 s of growth while the surface-related

interstitial g' = 4.2 signal increases significantly (see Figure 2.6b).
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Figure 2.7. Histograms from TEM particle analysis as a function of Fe**:ZnO growth times
for samples shown in Figure 4: (a) 1 min 30 sec (b) 20 min (c) 5h.
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The spectra presented in Figure 2.6 are consistent with previous reports that have
established that substitutional transition metal dopants are excluded from the critical
nucleus during the synthesis of doped ZnO QDs.®"8 In addition to EPR spectroscopy as a
function of growth time, we also measured the average sizes and size distribution of the
Fe:ZnO QDs by transmission electron microscopy (TEM, see figure 2.7). The average
particle size once all TMAOH has been added is ~2.9 +0.4 nm (t =90 s) by TEM analysis.
This size is much larger than the critical nucleus estimated to comprise 25 Zn?* ions (~1.1
nm) for ZnO% and form after only ~0.4 equivalents of TMAOH have been added.® The
appearance of substitutional Fe3* in the larger ZnO nanocrystals after 90 s of growth is
evident by the sharp feature at g' = 2.00 in Figure 2.6b. In addition, the increased surface-
to-volume ratio in smaller particles results in a high ratio of surface-related Fe** signals at
g' = 2.09 and 4.2. After 5 h, the particle size is ~4.1 0.7 nm and the Fe*" ions are
distributed among substitutional and the two surface-related sites. The proposed
mechanism for dopant incorporation is summarized in Figure 2.8. Previously, Schwartz et
al. observed a surface-bound Co?* intermediate by electronic absorption spectroscopy
during the growth of Co?*:ZnO using a similar synthetic procedure.® By utilizing EPR
spectroscopy, we are able to elucidate much more detail, including the number of Fe®* sites.
The additional pseudo-octahedral rhombic site near the ZnO surface is likely
indistinguishable from the pseudo-octahedral surface site when studied by electronic

absorption spectroscopy of Co?*:ZnO.
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Figure 2.8. Absorption spectra of 0.5% Fe:ZnO before (black solid line) and after TMAOH

addition at various reaction times (dashed lines), and ZnO after 90 s of TMAOH addition
(red solid line, shaded under curve).

The absorption spectrum of Fe:ZnO QDs in the band gap region was also
monitored® in situ as a function of growth time after ZnO nucleation was initiated by the
addition of 1.7 equiv of TMAOH. Figure 2.8 shows a broad feature at 3.5 eV in the
absorption spectrum of Fe(OAc). and Zn(ac). in DMSO prior to adding TMAOH. This
absorption band is tentatively assigned to the LMCT transition of pseudo-octahedral Fe?*,
Fe**, or basic Fe(lll) acetate, [FesO(OAc)s(H20)3]OAcC in solution. After addition of
TMAOH the 3.5 eV band decreases in intensity with increasing growth time and disappears
after 90 s. Concomitantly, the ZnO first exciton gains intensity and redshifts in energy with
increasing growth time. The growth dependence is consistent with nucleation and growth

of a pure ZnO core followed by adsorption and incorporation of Fe®*.
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Figure 2.9. Schematic representation for the proposed mechanism of Fe* incorporation

into colloidal ZnO nanocrystals during nanocrystal growth.

Despite the typical EPR silence of non-Kramers ground states, the presence of Fe?*
and Fe** in ZnO results in a very broad signal in the EPR spectrum at g' = 2. Even at our
highest doping level of 2% Fe, we do not observe any blocking temperature in the zero-
field-cooled and field-cooled magnetic susceptibility (see figure 2.10). In addition, we can
also rule out its origin to secondary nanoscale phases of zinc ferrite or Fe>Os that display
very broad ferromagnetic resonances.*®#! Therefore, Fe?* is likely absent in these Fe-doped
ZnO nanocrystals. The Méssbauer spectroscopy confirming Fe3* is the only oxidation state

for dopant Fe will be discussed in Chapter 3.
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Figure 2.10. Zero-field-cooled (ZFC) and field-cooled (FC) magnetic susceptibility of 2%
Fe3*:ZnO nanocrystals. The magnetic field strength for the FC curve and susceptibility
measurement was 5000 Oe. Although somewhat noisy as higher temperatures, the ZFC
and FC susceptibility curves are superimposable, especially at lower temperatures.

2.4. Conclusions

In conclusion, we have successfully prepared Fe**-doped ZnO as nanocrystalline
colloids that are readily dispersed in non- polar organic solvents. We utilized EPR
spectroscopy to confirm three unique and isolated Fe®* sites: (1) substitutional doping of
Fe3* at the Zn?* sites and (2) rhombically-distorted Fe*" octahedra located near the ZnO
nanocrystal surface at an interstitial site and (3) directly bound to the ZnO surface. The
large mismatch in effective ionic radii between the Fe** and Zn?* and large surface-to-
volume ratios contribute to inhomogeneous broadening of the EPR spectrum and to the
axial and rhombic strain as demonstrated by the comparison of simulated and experimental
EPR spectra. The lack of a broad ferromagnetic resonance in the EPR spectrum is

consistent with an absence of mixed-valency (i.e., Fe?*) or magnetic FeOx phases in the
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dilute doping limit. The successful preparation of Fe3*:ZnO nanocrystals in the quantum
confinement regime opens the door to transmission-based spectroscopic investigations of
the electronic structure that until now have been limited in this material to single crystals
or thin films. In addition, we are actively pursuing strategies to exploit the rich redox

activity of Fe3* for a variety of potential energy-based technologies.
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CHAPTER 3
ELECTRON TRAPPING ON FE3?** SITE INPHOTODOPED ZNO COLLOIDAL

NANOCRYSTALS

3.1. Introduction

The introduction of excess charge carriers by either anaerobic band gap excitation
in the presence of a hole quencher (photodoping) or chemical reductants has been
demonstrated in numerous colloidal semiconductor quantum dots (QDs).}? The most
studied system is n-type ZnO QDs.1® In ZnO, excess electrons can accumulate in the
conduction band, which results in the appearance of new spectroscopic features assigned
to conduction band electrons (e,) including: (1) bleaching of the excitonic transition and
photoluminescence, (2) a size-tunable intra-band transition in the mid-IR region that is
assigned to a localized surface plasmon resonance (LSPR), and (3) a signal at g=~1.96 in
the electron paramagnetic resonance (EPR) spectrum.®”8 All of these spectroscopic
features are sensitive to the nanocrystal volume.® Through careful selection of the hole
quencher, photodoping lead to excess electrons in the conduction band of ZnO QDs up to
mean values of >400 e, per nanocrystal.*

The study of photodoped ZnO QDs has been extended to impurity-doped ZnO
QDs" %1 with the general formula Zn1—xMxO where M = Mg?*, Mn?*, and Co?*. Ochsenbein
and co-workers demonstrated in free-standing Zn;-xMnxO QDs that the introduction of e,
turns on magnetic exchange pathways between isolated Mn?* jons and
antiferromagnetically-coupled Mn?*-Mn?* dimers and results in spin-alignment of all
substitutional Mn?* jons in an external magnetic field.1>!!* Recent attention has also focused

on introducing carriers into oxide-based QDs through aliovalent doping of shallow donors
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such as Al**-doped ZnO QDs.!? Exploiting the spins of e, using both aliovalent and
magnetic dopants either in a single dopant or multiple dopants has received less attention
in ZnO-based QDs, but has been reported recently in (Fe®*,Sn*") co-doped In,Os-based
QDs.™® Dopants that introduce carriers and magnetic moments into semiconductors has
been proven successful for the archetypical ferromagnetic diluted magnetic semiconductor,
Mn?*-doped GaAs.1

One promising candidate as an aliovalent and magnetic dopant in ZnO is Fe3*. This
dopant possesses five unpaired spins, however, the Fe** donor level is deep in ZnO and
therefore does not possess a LSPR in contrast to AlI**-doped ZnO.121° Single crystal Fe**-
doped ZnO has been previously demonstrated to have very long spin coherence lifetimes
due to very low abundance of nuclear spins making it an attractive material for spin-based
electronics and quantum computing.'® Recently, we reported the synthesis of colloidal Fe-
doped ZnO QDs where the Fe-speciation was investigated by EPR spectroscopy.!’ The
EPR spectra of the Fe-doped ZnO QDs demonstrated Fe** occupying multiple sites in ZnO
nanocrystals that we identified as substitutional Fe3* at a Zn?* site (Fe.), Fe** in a pseudo-
octahedral interstitial site of the ZnO lattice (Fei,;), and a surface Fe3* site. Herein, we
present a systematic spectroscopic study of Fe doped ZnO colloidal nanocrystals as a
function of photodoping time at two varied sizes. Using EPR spectroscopy we observe a
sequential decrease of the EPR intensities of Fey,, first, followed by Fel' in the ZnO
nanocrystals with increasing photodoping time. These changes the Fe-speciation are
correlated with UV-Vis and mid IR spectroscopy, which provide critical information

regarding the presence of conduction band electrons. Our results are consistent with a

gradual raising of the Fermi level with increased photodoping time and the Fe>"/>" level
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situated deeper than the Fel'’?* level. The spectroscopic changes with different Fe-doped

ZnO nanocrystal size also allows us to estimate the relative positions of the conduction

band and the Fe>/ /%" level.

2.2. Experimental Section

1% of colloidal Fe doped ZnO nanocrystals were prepared using previous method.’
Briefly, 0.01 cation mol fraction of Fe(OAc). was added to 2.5 mmol of Zn(OAc). 2H.0
dissolved in 25 mL DMSO. 1.7 equivalents of tetramethylammonium hydroxide was
dissolved in 7.7 mL of ethanol was added dropwise into Zn precursor under vigorous
magnetic stirring to initiate nucleation and growth. After 5 h of growth, the nanocrystals
were precipitated with ethyl acetate, resuspended in heptane and washed with ethanol. The
final particle size was controlled by heating the nanocrystal in dodecylamine at 180 <C for
different time. For medium size, quantum-confined Fe doped ZnO QDs the heating time
was 15min and for larger Fe doped ZnO NCs the heating time was 2h. After reaching the
final size, nanocrystals were precipitated and washed with ethanol. The particles were dried
under vacuum for 2 h, transferred to the glove box and suspended in degassed hexanes with
5% ethanol as the hole quencher.

Photodoping was performed by placing the sample in an air-tight vial and
irradiating with the light from either a 75 W or 1000 W Xe lamp for different times. The
particle concentration is controlled to provide appropriate optical densities for both the
band gap (pathlength = 0.05 mm) and ligand to metal charge transfer (pathlength = 1 cm).
For each charging, the vial was took out from glove box with air tight cap and charged for
different time. After each charging, the vial was put back in the glove box and the sample

was transferred to the air-tight 1-cm cuvette (1.5 mL), demountable KBr cell with 0.05-
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mm pathlength, and air-tight EPR tube (0.4 mL). The band gap absorption, localized
surface plasmon resonance (LSPR), LMCT transition and room-temperature EPR were
collected within 10 minutes after sample transfer. Electronic absorption spectra were
collected using on a Varian Cary 50. MIR spectra were collected on a Varian 670 FT
spectrometer equipped with a KBr beam splitter and DLaTGS detector. EPR spectra were
collected on a Bruker Elexsys E-500 at X-band. M&sbauer spectra were collected in the
Mineral Spectroscopy Laboratory at Mount Holyoke College using a WEB Research Co.
model WT302 spectrometer and a source of ~60 mCi °’Co on 5% Fe-doped ZnO powders

dispersed in matrix of sugar.

2.3. Result and Discussion

Figure 3.1A shows room temperature EPR spectra of nominally 1% Fe-doped ZnO
nanocrystals dispersed in hexanes before (t = 0) and after (t < 1000 min) irradiation with a
75 W Xe lamp under anaerobic conditions. The sample was made by methods reported
previously (see ESI for full experimental details).}” Based on the band edge absorption at t
=0 shown in Figure 3.1B, we estimate the mean particle radius of 7 = 2.8 nm (“medium”).1
The hole quencher used in all photodoping measurements was ethanol, which is expected
to yield only 1-10 e, per Fe-doped ZnO QD.* The EPR spectrum at t = O clearly shows
Fe3* occupying two different sites in the ZnO nanocrystals that we have previously
identified.'” With increased photodoping time the Fe3,, signal decreases in intensity and
eventually disappears at t = 380 min. Over the same charging time, however, the EPR

intensity from the Fe? undergoes minimal change. At t = 1000 min, the EPR signals from
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both Fe** species has disappeared. Upon opening the sample to air, the EPR signals from

both Fe3* sites recover, but not to the intensities before photodoping (vide infra).
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Figure 3.1. Evolution of the (A) EPR and (B) UV-Vis and FTIR spectra of 1% Fe-doped
ZnO nanocrystals (medium, r = 2.8 nm) collected at various photodoping times with a 75
W Xe lamp. The sharp transition in (A) at ~350 mT is from Cr®*-doped SrTiOs as a
frequency standard (g=1.978).1° The FTIR absorption spectra in (B) is presented as the
differential absorbance after subtracting the t = 0 spectrum (AAbs). The AAbs values for
the IR spectra have been multiplied by a factor of 3 for clarity. Spectra in B were collected
in a demountable IR cell with KBr windows with a pathlength of 0.15 mm.

Figure 3.1B shows the absorption spectra of the same samples shown in Figure

3.1Ain the UV and IR regions where the ZnO band gap transition and LSPR from n-type
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ZnO colloidal nanocrystals are observed, respectively.”2 At t = 0, the Fe-doped ZnO QDs
do not display any LSPR absorption in the mid-IR as reported previously.!” In contrast to
the gradual changes observed in the Fe>. signal by EPR spectroscopy with increasing
photodoping time, there are no detectable changes to the ZnO electronic structure such as
a blue-shift in the band gap energy or appearance of the LSPR in the mid-IR below t = 380
min. At t = 1000 min, there is a significant bleach in the ZnO band gap absorption and
appearance of the LSPR, which correlates with the disappearance of both Fe3* sites by EPR
spectroscopy. While similar to the partial reversibility of the Fe* EPR signals, the changes
to the ZnO electronic structure are fully reversible upon oxidation of the sample by air.
There is also a small redshift of the ZnO band-gap transition thus indicating some degree
of particle growth during the photodoping experiment. These results indicate that the initial
photodoped electrons in ZnO interact strongly with paramagnetic Fe* sites, but do not
possess the spectral signatures expected for e, that are only observed at longer times (t =
1000 min). Notably, we do not observe any EPR signal from e, in undoped ZnO, which
we attribute to strong coupling between the e;, and Fe dopants that likely broadens the
signal significantly, similar to previous observations on Co%- and Mn?*-doped ZnO
nanocrystals.” The lack of EPR from e, in pure ZnO also confirms that each nanocrystal
in the ensemble has at least one Fe dopant at the 1% nominal doping concentration.

We also performed similar photodoping measurements on larger, non-quantum
confined (7 > 3.2 nm, “large”) 1% Fe-doped ZnO and observed similar behavior with
respect to the disappearance of the Fe** EPR signals with increasing irradiation time (see
Figure 3.2). In contrast to the smaller Fe-doped ZnO data shown in Figure 3.1, an increase

in the LSPR transition is observed in the larger nanocrystals before all the Fe3* EPR
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intensity disappears. We attribute this result to a decrease in the conduction band potential
with increasing size, which results in a smaller driving force for electron transfer from the

conduction band to either Fe3* site in the ZnO nanocrystal.
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Figure 3.2. (A). Electronic absorption spectra of the band gap transition of nominally 1%
Fe-doped ZnO medium (blue) and large (red) colloidal nanocrystals. The energy at half-
height is 0.03 eV redshifted in the larger nanocrystals. (B) EPR and (C) MIR spectra of
nominally 1% Fe-doped ZnO QDs (7 = 3.2 nm) as a function of photodoping with a 1000
W Xe lamp instead of the 75 W Xe lamp used for the smaller QDs shown in Figure 1 of
the main text. The appearance of the LSPR in the MIR occurs before all the Fe3* has
disappeared by EPR spectroscopy confirming the coexistence of Fe** and conduction band
electrons in these unconfined Fe-doped ZnO QDs. With increasing irradiation times, the
LSPR blueshifts in agreement with previous photodoping studies of ZnO QDs.*
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Figure 3.3. Summary of spectroscopic changes of the Fe3* EPR intensities and LSPR
intensity of (A) medium (r = 2.8 nm) and (B) large (7 > 3.2 nm) colloidal 1% Fe-doped
ZnO nanocrystals plotted as a function of irradiation time (log scale) and after reoxidation
by air (filled symbols on right ordinate). The irradiation time is given on a normalized
scale, tred, to account for the difference in lamp power for the two datasets (A = 75 W Xe,
B = 1000 W Xe). trq is taken as the time where the EPR intensities of the Fe: (triangles)
and Fe> (circles) sites are ~0, which is 1000 min in (a). The intensities given on the y-axes
are normalized relative to the EPR intensities of both Fe3* sites at t = 0 and the LSPR
(squares) at t = treq.

The results from Figures 3.1 and Figure 3.2 for the two Fe-doped ZnO samples are

summarized in Figure 3.3 where the normalized intensities of the EPR signal of both Fe3*
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sites and the LSPR intensity from the FTIR spectra are plotted against a normalized
irradiation time. The EPR data in Figure 3.3 are normalized against the intensity at t = 0,
while the LSPR intensity is relative to the intensity at t = treq Where treq is the time where
the LSPR is observed and the EPR intensity from all Fe®" sites is 0. Interestingly, we
observe a deviation from 100% reversibility after opening the samples to air. The EPR
intensity from Fe>! dopants increases by ~25% while that of the Fel' dopants decrease
~45%. This difference is accompanied by growth in the particles from r = 2.8 nm to >3.2
nm between t = 0 and the reoxidation step (see red-shift in absorption after reoxidation in
Figure 3.1B). We attribute these changes to the presence of dodecylamine (DDA) ligands

on the particle surface, which can facilitate growth via Ostwald ripening. The increase in

the EPR signal from Fe3. dopants can only occur from conversion of some Fei.; to Fe>,

while the loss of Fe: signal can also come from loss due to removal of Feit by binding

and removal by DDA. Both observations are consistent with our previous model that

describes the changes in Fe3* speciation during ZnO nanoparticle growth.’

Absorbance (a.u.)

2.0 15
Energy (eV)

Figure 3.4. Room temperature electronic absorption spectra of the 7 = 2.8 nm, 1% Fe-
doped ZnO nanocrystals in an air-free 1-cm pathlength cuvette in hexanes as a function of
irradiation time.
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To reveal possible signatures of Fe?* in the photodoped ZnO, we monitored the
intensity and bandshape of the sub-bandgap ligand-to-metal charge transfer transition
(LMCT) as shown in Figure 3.4. The spectra shown in Figure 3.4 are the same samples
with the same concentration and photodoping as shown in Figure 3.1, but were collected
in a 1-cm air-free cuvette to increase the pathlength of the LMCT absorbance by 200 times.
We have assigned the sub-bandgap transition at t = 0 to ligand-to-metal charge transfer
involving all Fe** dopants in ZnO: substitutional, interstitial and surface. We observe only
Fe3* in our as-prepared Fe-doped ZnO QDs by Méssbauer spectroscopy at room
temperature with isomer shifts and quadrupole splittings in agreement with the previously
reported spectra of Fe3* in bulk ZnO (see Figure 3.5).2° Upon UV-irradiation of the sample,
we observe a significant and systematic increase in the LMCT absorption intensity with
longer irradiation time. Previous results by Gamelin, et al. demonstrated that the intensity
in the region of the band gap transition of undoped ZnO decreases with increased
photodoping.7¢ We assign the increase in the charge-transfer absorption to ligand-to-metal
charge transfer transitions involving Fe?* dopants in photodoped ZnO nanocrystals. Similar
intense transitions have been predicted? and observed?® in this same energy range.
Attempts to measure the spin-allowed *E—°T> transition of substitutional Fe?* in the mid-
IR region using concentrated suspensions were unsuccessful due to the strong vibrational

overtones of the solvent and surface ligands that dominate the spectra in that energy region.
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Figure 3.5. Room temperature M&sbauer spectra of 5% Fe-doped ZnO QD powders
dispersed in a sugar mixture. The fit to the spectra was performed using a double-
Lorentzian lineshape with the widths of the two Lorentzian bands fixed. The experimental
isomer shift and quadrupole splitting are in agreement with previously reported room
temperature spectra of Fe3* in Zn0.%
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Figure 3.6. (a) Absorption spectra of the LMCT transition of 1% Fe doped ZnO (r = 2.8
nm) at different photodoping times after subtracting the absorption spectrum of pure ZnO
with the same concentration and size. The contribution from surface Fe does not change
during photodoping as shown in the EPR spectra in Figure S1. We therefore estimated a
broad absorption from this surface Fe* (shown as a dashed line) and subtracted it from the
absorption spectra shown in (a). The resulting corrected absorption spectra is shown in (b).
The thresholds of LMCT transitions involving the different Fe species are estimated at

LFe; CT = 2.8 eV, LFeZ CT = 2.65 eV, respectively.
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The intensity of the LMCT transition shown in Figure 3.4 changes significantly at
short irradiation times, t = 6 min (tres = 0.006), that correlates with the largest decrease in
Fel" EPR intensity by ~65% (Figure 3.3A). We tentatively assign this new charge transfer
to Fe2, LMCT transition with a red-shifted threshold energy compared to Fe3*-doped ZnO
(t = 0). The threshold energies of the LMCT transitions of Fe)’, and FeZ., in ZnO are
estimated at 2.8 eV and 2.65 eV, respectively, based on deconvolution of the CT spectra
(see Figure 3.6). The EPR intensities remain relatively unchanged with increased
photodoping time until the intensity of Fe;,; in EPR started decreasing at t = 140 min (treq
= 0.14), followed by slightly increased LMCT absorption. At longer photodoping times,
the continued increase of the LMCT intensity is difficult to quantify due to the presence of
e, Which causes a blue-shift of the ZnO band gap and the appearance of the LSPR at low

energies.
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Figure 3.7 shows a schematic band diagram to describe the relevant levels of the
ZnO bands and Fe®**’?* redox potentials. The changes of the EPR spectra and electronic
structure of Fe-doped ZnO during photodoping is consistent with Fe** being reduced to
Fe2*, which has a S = 2 ground state and is EPR silent. For the 7 = 2.8 nm particles, only
after all Fe** in the lattice has been reduced to Fe?* can the photodoped electrons start
occupying the conduction band. This scenario therefore places the Fe®*?* redox potentials
of both substitutional and interstitial sites at energies lower than the weakly quantum-

confined ZnO conduction band. However, for the larger particles we observe some LSPR

intensity prior to total reduction of the Fe;.; EPR intensity. This would place the conduction
band potential of the large ZnO and the Fe:/?* level at similar values.

The EPR spectra of Fe-doped ZnO after photodoping is very different from the
behavior of Mn- or Co-doped ZnO after photodoping,”° which is consistent with Fe3*
being reduced to EPR-silent Fe2*. For Mn-doping, the oxidation state of the Mn ion is 2+
and the EPR spectra broadens and increases in integrated area with the introduction of the
conduction band electrons.?%?! Furthermore, the Mn?*"* redox level is estimated to lie ~1
eV above the bottom of the conduction band.?>% In other words, the 1* oxidation state of
Mn is inaccessible in Mn?*-doped ZnO by photodoping. The EPR spectra of Co?*-doped
ZnO is broadened by fast relaxation at room temperature and therefore typically requires
liquid helium temperatures to observe transitions within the A, ground state. After
photodoping, the e, resonance is quenched due to strong Co?*-e_, exchange. Again, the
Co?*"* redox level is estimated to be above the conduction band of bulk ZnO by only ~0.5

eV (potentially accessible in strongly-confined Zn0).23 The aliovalent nature of Fe3* pulls

the Fe**/2* level in-between the ZnO band structure. The position of this level must be close
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to the conduction band of bulk ZnO and is consistent with previous reports of the

coexistence of both Fe?* and Fe3* in n-type ZnO materials.?*?°

3.4. Conclusions

In summary, we have presented a systematic study of the photodoping of Fe3*
doped ZnO colloidal nanocrystals. The introduction of electrons into ZnO via photodoping
results in the reduction of both substitutional and interstitial Fe** dopants prior to
observation of the spectral signatures of n-type ZnO QDs. This work provides further
evidence that photodoping fills trap states first prior to filling conduction band of ZnO and
will allow for future studies of these colloidal nanocrystals as model systems to test the
theory of charge-transfer ferromagnetism?® in mixed-valent transition metal oxides such as

Fe?* and Fe3* in ZnO.
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CHAPTER 4
ETCHING AND REGROWTH STRATEGY FOR AL DOPED ZNO

NANOCRYSTALS LEADING TO LESS DEFECT AND HIGHER ACTIVATION

4.1. Introduction

Our strategy to make AI** doped ZnO NCs is modified by a growth-doping
approach. Growth-doping strategy has been widely used to synthesize internally doped
nanocrystals, such as Cu?*:ZnSe,* Co?*:CdS,? and Al- or In-doped CdSe.® The typical
approach is adding the dopant precursor after NC core has formed. After dopant been
absorbed onto the surface of NC core, either isocrystalline or heterocrystalline shell can be
grown to encapsulate the dopant.* In this report, instead of making core/shell structure, the
initial NC core has been purposely etched by the addition of oleic acid (OA) to a smaller
core together with the cationic precursor. Then, the Zn(oleate) precursor and dopant-oleate

complex redeposit onto the NC seed. We tentatively call it etching-growth-doping strategy.

4.2. Experimental Section

Materials: All chemicals were used without additional purification. Aluminum
chloride (AICI3 anhydrous), ferric chloride (FeCI3 anhydrous), sodium hydroxide (NaOH
98.9%) were purchased from Fisher; zinc chloride (ZnCl2, 97%), Oleic acid (OA, technical
grade, 90%) were purchased from Alfa Aesar; 1-dodecanol (DDOH, 98%), 1-octadecene
(ODE, technical grade 90%) were purchased from Acros Organics; and indium(lll)

acetylacetonate (In(AcAc)3, 98%) was purchased from Strem Chemicals.
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Synthesis of metal oleates. (Zinc oleate and Aluminum oleate): The metal
oleates were synthesized following literature methods.> 20 mmol of metal chloride was
dissolved in 100 mL of methanol. Then oleic acid (3 equiv for Aluminum, 2 equiv for Zinc)
was added. After all the precursor been dissolved, a NaOH solution with 60 mmol (for
Aluminum oleate), 40 mmol (for Zinc oleate) in 200 mL of methanol was dropped into
metal precursor. The metal oleate precipitated from the solution. The precipitate was
washed with methanol 4 to 5 times and dried under vacuum overnight. We also found that
anhydrous metal precursor and base were required for making the metal oleates. We tried
using metal precursor with bounded water or using tetramethylammonium hydroxide
pentahydrate as base,® the Al was failed to doped into ZnO.

Synthesis of AZO and 1ZO nanocrystals using the etching and regrowth
method: In a typical reaction for AZO nanocrystals, Zn(I1) oleate (0.63 g, 1 mmol) and 0.2
mol fraction Al(111) oleate (0.17 g, 0.2 mmol) were dissolved in a 50-mL three-necked flask
containing 10 mL ODE. The solution was heated at 100 <C under vacuum for 10 min to
remove water. The flask was then purged with argon and the solution was heated to 300
<C under an argon flow. A separate solution of 20 mmol DDOH in 2 ml ODE was heated
to 150 <C (in air, but we don’t need to mention) and rapidly injected into the reaction flask.
The reaction temperature dropped to 280 °C and the solution was kept at this temperature
for 30 min to allow ZnO precursor nanocrystals to nucleate and grow. For etching and
regrowth, a solution of 2 mmol of OA in 2 ml ODE was heated to 150 °C (in air) and
rapidly injected into the reaction solution. The temperature was kept at 280 °C for another

30 min.
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For 1ZO nanocrystals synthesis, Zn oleate (1 mmol) and 0.2 mol fraction of
In(AcAc)s were mixed with 1 mmol Oleic acid in 4 mL ODE. The solution was heated at
100 <C for 30 min for dissolving the In precursor. The rest of reaction followed the etching
and regrowth procedure

Alternate syntheses of AZO nanocrystals: For comparison, we also compared the
etching and regrowth method against two typical methods using metal oleates to prepare
AZO nanocrystals. First, we synthesized AZO nanocrystals in the absence of OA where
the initial steps of the etching and regrowth method was followed exactly, however, it was
stopped after first 30 min growth step at 280 <C and before the etching step.

For synthesis of AZO with OA present during nucleation, we again followed the
etching and regrowth method, but added 2 mmol of OA was to the initial solution of metal
oleates in 10 ml ODE before the initial heating steps. This reaction was also stopped after

the initial growth step at 280 <C.

4.2. Result and discussion
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Figure 4.1. lllustration of the molecular mechanism for etching and regrowth strategy.

The proposed mechanism (Figure 4.1) for etching and regrowth method is modified
from the irreversible esterification reaction between metal carboxylate and long chain
alcohol. ZnO NC forms after the condensation. This alcoholysis reaction has been widely
studied for synthesizing a variety of binary and doped oxide nanocrystals including In,Os,
Fe>03, Mn304, CoO, and ZnO. Particularly, several groups established successful Al/In/Ga
doped ZnO nanocrystals using this method. However, the reaction conditions are extremely
important in these synthesis, including hot injection/growth temperature and the chain
length of alcohol, the dopant/metal precursor reactivity, the temperature increasing rate.
Without separating the nucleation and growth, doping usually requires extra effort on
balancing different conditions.

Our etching and regrowth strategy originated from the observation of partial
dissolution of the NCs in the present of free acids. During the dissolution, partial ZnO
transformed to Zinc carboxylate, and the newly formed metal carboxylate reincorporated

into NCs through subsequent esterification and condensation. Dopants carboxylate were
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firstly introduced at etching stage together with the oleic acid. This confines the
incorporation of the dopants only at regrowth stage, avoiding the high energy of nucleation
stage. Further experiments explore that even adding the dopant precursor together with
Zinc precursor, the doping still mainly occurs during regrowth stage. Without further noted,
in this report, the dopant carboxylate and Zinc carboxylate were introduced together at first
step. This could help to simplify the procedure and less consideration of reaction conditions
is needed.

For the best solubility of monomers in ODE, the ligand of all the precursor were
chosen as oleate. Here, we established a semi-quantitative method to confirm the detailed
molecular mechanism. This method combined ZnO band gap absorption with ligand
absorption in IR region to monitor the total ZnO NCs formed and cationic precursor left.

Figure 4.2. shows the evolution of reaction during each step.

-C=0 -C=C -Co0~
M+DDOL 1min
—— M+DDOL 40min
§ . M+DDOL 1min
g 3 —— M+DDOL 40min
£ L M+DDOL+OA 1min
@ 8 —— M+DDOL+OA 40min
g &
= o
3 ?
M+DDOL+OA 1min | 2
—— M+DDOL+0OA 40min
— OA
320 340 360 380 400

1800 1750 1700 1650 1600 1580
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Wavenumber(cm1) avelength (nm}

Figure 4.2. Evolution of the FTIR and absorption spectra for Al doped ZnO colloidal
solutions at different reaction times.
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Aliquots were taken from the reaction mixture during various times and instantly
send to monitor the Uv-Vis and FTIR. For FTIR, the original solution was directly injected
into 0.05 mm path-length demountable cell with KBr window, while for Uv-vis, the
aliquots were diluted 30 times with hexane in 1 cm path-length cuvette. The peak around
1640 cm™ in IR comes from the vibration band of C=C in ODE. Since the path-length for
all the FTIR is fixed, and we did observe exact same value for all the sample at 1641 cm™,
so the concentration of organic molecules in the reaction mixture can be read directly based
on the peaks intensity. Peak in 1500 — 1620 cm™ correspond to —COO™ asymmetric
vibration band from the carboxylate salts. The integration of this band can be referred to
the monomers concentration for total Zinc and dopant. Peak centered at 1741 cm™ comes
from ester —C=0 vibration band, after injected both Zinc and dopant monomers into DDOL
solution at 280 <C for only 1 min, the ester peak already presented, together with the present
of ZnO band gap absorption. After 40 min reaction, all the carboxylate salt disappeared,
and the band gap absorption reaches the maximum. The Al(oleate)s; was added together
with Zn(oleate)>, but the band gap absorption was close to bulk ZnO (370 nm) after 40 min,
indicating almost no Al been doped during the nucleation stage. After adding the double
amount of oleic acid (2 mmol) at the same temperature, for only 1 min, the carboxylic acid
vibration peak centered at 1712 cm™ already disappeared and the ZnO band gap absorption
decreased for more than 60%, together with the replenishment of carboxylate salt and
increase of the ester concentration. This indicating that within 1 min, all the oleic acid was
consumed to etch the existing ZnO core and the replenishment of monomer already
underwent regrowth. This time, still no Al been doped into the lattice. After adding the

oleic acid for 40 min, all the monomer consumed to growth, with the increased ester
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concentration. The band gap absorption not only reaches the maximum, but also blue
shifted, indicating the Al been successfully doped. The presence of the free electrons in the
conduction band can also been detected in Figure 4.2. The LSPR transition for electron in
conduction band is from 1000 to 5000 cm™, covers the IR window we used here, so the

decreased transmittance background for 40 min is presented.
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Figure 4.3. TEM image of Al doped ZnO nanocrystals during each step and the size
analysis based on the TEM image: (a) Without adding OA and reacted for 40 min. (b) After
adding OA to (a) for only 1 min. (c) 40 min reaction after (b).
To further confirm the size and size distribution evolution during the etching and

regrowth process, aliquots were taken from the reaction mixture in each step for TEM
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collection. The size of initial formed ZnO nanocrystals after 40 min is about 15.3 nm with
1.5 nm size distribution. After adding OA for only 1 min, the ZnO nanocrystals is changed
to 10.1 nm with size distribution remain the same. This confirms that all the ZnO
nanocrystals are etched by OA at similar speed. After regrowth for 40 min, the size
increased to 14.0 nm with comparable size distribution, indicating all the ZnO nanocrystals
have grown about 4 nm shell. The AI** incorporation happened during regrowth, so the
distribution of dopant AI®* is across the 4 nm ZnO shell. The shape evolution during the
etching and regrowth is similar to pure ZnO nanocrystals when adding free fatty acid.” The
shape of initial formed ZnO is pyramids. Depending on the orientation of nanocrystals on
the TEM grid, the 2D projection images could appear triangular or hexagonal. The
formation of nano-pyramids in the nucleation step are believed due to the dominating
growth on high free energy facets under highly kinetic controlled growth condition.® After
adding the OA for 1 min, some of the nano-pyramids convert into dots, More dots are
forming after regrowth for 40min. The corner and the tip of nano-pyramids are etched by
OA, and the regrowth condition become more thermodynamic controlled, so more dot

shape is forming.
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Figure 4.4. Band gap absorption and plasmonic resonance for 1.3% Al doped ZnO
nanocrystals

Successful Al doping in ZnO due to the etching and regrowth method has been
proved by the blue shift of the band gap and the present of plasmonic absorption, as shown
in Fig 4.4. AI** has been reported as ionized shallow donor. When doped in both bulk and
nanocrystal ZnO, AI** will donate free electrons to conduction band. This causing the blue
shift of the band gap and new plasmonic absorption. The energy of the plasmonic
absorption peak are related to the electron density in the NCs. In this report, 1.3% AI®*
doped ZnO NCs shows plasmonic peak at 0.27 eV. According to the modified Drude
Lorentz theory, the free electron density can be estimated as ~9.5 = 10*° cm™. This is
comparable to previous reported 3.5% Al** doped ZnO and 13.2% Ga doped ZnO NCs.
The highly electronic activated dopant (17.9% of AI®*) in this report indicating etching and
regrowth method would bring higher activated dopants. Recent report about core/shell
approach to dopant incorporation in ZnO nanorod also observed highly electronically

active dopants when introduce dopant after the seed forming.®
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The activation of the dopant is highly dependent on the charge compensation in the
nanocrystals. In the n-type extrinsic aliovalent doped metal oxide nanocrystals, the
common compensation defect are cation vacancies and oxygen interstitials.'® The dopant
activation or the defect chemistry is dominant by the synthetic procedure. Milliron reported
a series of activation with fixed size and doping level for Sn doped In,O3 nanocrystals and
observed that the surface segregation of tin ions reduces the average activation of the
dopant. They suggest that the diffusion of compensating oxygen interstitial atoms increase
when tin situate near the nanocrystal surface.!! In this report, we will present three different
synthetic procedure with drastically different activation and using XRD to study the
structure difference of the doped nanocrystals in these three different approach. We are
trying to bridge the gap between the synthetic procedure with the structure defect and with
the dopant activation. The three-different procedure are (A) without adding the OA in the
system. (B) Adding the OA together with cationic precursor in nucleation. (C) Adding the

OA for etching and regrowth.
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Figure 4.5. The band gap absorption for Al doped ZnO with different amount of OA been
added during the synthesis.
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OA has been introduced to the synthesis of the Al/In/Ga doped ZnO nanocrystals
and Sn doped In,O3 nanocrystals.'?® In these reports, OA are introduced together with the
metal precursor in the nucleation step to help stabilized the precursor in ODE. Moreover,
the ratio of OA/alcohol are also reported to be important during the synthesis.*® In fact, we
also observed that increasing the amount of OA helps to introduce more conduction band
electrons, but when the OA is large enough to dissolve all the ZnO nanocrystal, the
regrowth of the ZnO shows the bulk absorption. (see Figure 4.5) Since the metal oxide
nanocrystals can be etched by the OA, we believe that in highly kinetic controlled growth

condition, the introduction of the dopants and the defect chemistry will be altered by OA.
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Figure 4.6. (a) Band gap absorption and (b) plasmonic resonance for three different
synthetic method of synthesizing Al doped ZnO nanocrystals. The inset shows the
respective Tauc plot. (c) Dopant concentration measured by ICP-AES for three different
methods. The dark area indicates the amount of activated dopant estimated by the LSPR
position.

72



ICP-AES result shows the total amount of AI** been doped into ZnO nanocrystals
are different. Considering the crystal radius in IV coordination, AI** (0.53 A) is much
smaller than Zn?* (0.74 A) in IV coordination compare to other common transition metal
dopants, as well as aliovalent dopant such as Ga®>* (0.61 A) and In®** (0.76 A). Thus doping
AP is more challenge than doping Ga®*" or In® in ZnO nanocrystals.*® Etching and
regrowth do introduce more AI®* dopant into the ZnO lattice by avoiding the nucleation,
which is highly kinetic controlled condition. On the other hand, without adding OA and
introduce OA during nucleation steps show similar band gap absorption (3.27 to 3.29 eV)
and no plasmon resonance as bulk ZnO. When adding OA for etching and regrowth, the
band gap absorption blue shifted to 3.33 eV and the plasmon resonance centered at 2150
cm®. This indicate the drastically different carrier concentrations for three different
synthetic methods (from 0 to ~9.5 x10'° cm™). However, there are still certain amount of
Al** been doped for no OA and OA in nucleation even though no carriers were introduced.
And we can calculate that the electronically activated AI** for no OA and OA in nucleation
is 0, while for OA in etching and regrowth is 17.9%.

The dopant activation various due to the different defect chemistry in the ZnO
nanocrystals, especially the defects around the dopant. X-ray diffraction (XRD) was
applied to explore the structure and defect variation in these different synthetic methods.

As shown in Figure 4.7a, all three methods for Al/ZnO nanocrystals as well as pure
ZnO NCs possess the wirtzite ZnO phase (JCPDS 36-1451). No other common secondary
phases in Al doped ZnO thin film such as such as aluminum oxide (Al203) or gahnite
(ZnAl,0,) are observable.51" The crystallite sizes estimated from Scherrer relationship for

all the Al/ZnO and pure ZnO NCs are similar (12 to 15 nm), also close to TEM results.
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Figure 4.7. (a) XRD patterns of pure ZnO and Al doped ZnO nanocrystals from three
different methods. (The reference diffraction pattern of bulk ZnQO is listed at the bottom)
(b) Lattice contraction for both a and c axis as well as the lattice strain for pure ZnO and
Al doped ZnO nanocrystals. The detailed parameters is predicted from Rietveld analysis
using Maud, see Figure 4.8 and Table 4.1.
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Figure 4.8. Rietveld analysis using Maud. The blank lines refer to the experimental data,
the red lines refer to the fitting data. The bottom of each figure shows the difference profile.

sample dxra(NM) a(A) c(A) lattice strain (%)
pure ZnO 15.1 3.2508 5.2089 0.15
Al/ZnO 20A in regrowth 13.7 3.2498 5.204 0.28
Al/ZnO no OA 12.2 3.2498 5.2084 0.31
Al/ZnO 20A in nucleation 14.2 3.248 5.2048 0.27

Table 4-1. The detailed parameters from Rietveld analysis fitting for Al doped ZnO

nanocrystals.
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Using Rietveld analysis, (see Figure 4.8) we can refine the structural and
microstructure parameters (detailed parameters are listed in Table 4.1). Figure 4.7b shows
the lattice contraction and lattice strain of three different methods for preparing the Al
doped ZnO as well as pure ZnO NCs. AI** has a smaller ionic radius than Zn?*, once been
substituted in ZnO lattice, the lattice parameters will result in contraction. The strain comes
from the defects as well as the ionic radius dismatch, so the increased strain for the doped
ZnO are also expected. For Al doped ZnO when OA are not introduced, both a and c
directions have small lattice contraction. This indicates the AI** are not successfully
substituted in the lattice, while the large lattice strain could come from the surface AI** or
secondary cluster phase which cannot be detected in XRD, since AI** are still detected by
ICP-AES (0.6%). Adding OA during nucleation are typically needed in previous reports.*?
15 In our study, this do not introduce more AI** (by ICP) as compared to without adding
OA, however, the lattice parameters in both a and c directions show relative large
contractions. The contraction of a direction is even larger than the one with highly doped
and highly activated AI®* using etching and regrowth method. Adding OA in nucleation
shows much higher lattice contraction and lattice strain per AI** been doped. This indicates
the AI** been successfully substituted in the ZnO lattice using this method. While the larger
strain and larger contraction per AI** also indicates that other defects remain near the
dopants, such as Zinc vacancy. Zinc vacancy have been showed in Fe doped ZnO and Al
doped ZnO thin film by EXAFS studies.'®*° This could also explain the AI**, even though
been successfully substituted, but are not electronical activated using this method. Defects
such as interstitial oxygen and Zinc vacancy will compensate the charge introduced by

dopant AIF*.2% As for adding OA as etching and regrowth, the highest amount of AI3* is
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been doped, the c direction shows more contraction than a direction, same as previous
reports.>1? The relatively low strain per AI** indicates the smaller amount of defects is
been introduced, so the AI** is highly electronically activated.

The synthetic method is crucial to the conduction band electron density since they
will affect the defect chemistry during synthesis due to the difference in kinetic growth
conditions. As we discussed previously, without adding the OA, the doping is exposed
across the whole nucleation process under a highly kinetic controlled growth condition.
This will result in very limited AI** been substituted. Adding OA during nucleation will
alter the nucleation kinetics. As shown in Figure 4.2a, etching ZnO NCs by OA is faster
than ZnO NCs formation. With OA remaining in solution, nucleation of ZnO will be
blocked since the newly formed nucleate will be dissolved again. the OA works as an
inhibitor in the reaction and the growth conditions will be slower compared to without
adding OA. AIP* can be successfully substituted but the defect such as Zinc vacancy also
been introduced. The etching and regrowth ensure the doping during shell growth, in which
the growth kinetic is much slower, thus more AI®* can be substituted without defects

present.

Figure 4.9. TEM for Al doped ZnO nanocrystals with 2 mmol of OA during the nucleation.
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The shape of ZnO NCs also supports the difference in growth kinetic conditions for
three methods. Nano-pyramid shape are formed under highly kinetic controlled growth
condition. Without adding OA, most ZnO NCs shows nano-pyramid shape (Figure 4.3a).
Adding OA during nucleation, some of the ZnO NCs shows the dot shape (Figure 4.9).
While for etching and regrowth, most of the ZnO NCs shows the dot shape (Figure 4.3c).

In conclusion, we have connected the synthetic procedure to the defect chemistry
of AI** doped ZnO nanocrystals and the free carrier concentrations. Our result shows that
adding OA for etching and regrowth is an efficient method to introduce the dopant AI** in
ZnO NCs with minimum amount of the defect due to the slower kinetic growth condition.
This lead to a highly electronic activated dopant and large conduction band electron
concentration. Similar strategy can also be applied to synthesize the In®* doped ZnO NCs
and Sn** doped In,03 NCs (See Figure 4.10). However, In®" has close crystal radius as
Zn?*, as well as Sn** compared to In®", doping In®*" in ZnO NCs and Sn** in In,03 NCs are

much easier. In fact, OA is not needed for these doping.
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Figure 4.10. Band gap absorption, plasmonic resonance, and picture for Al doped and In
doped ZnO nanocrystals.
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CHAPTER 5

CONCLUSION AND OUTLOOK

In this report, we have established a method to study the speciation of the deep
donor Fe3* in ZnO NCs. Through photo-charging experiment, we have estimated the
relative dopant Fe redox potential, ZnO NCs conduction band potential, and Fermi level.
These help to answer the question that why Fe is a deep donor in ZnO NCs and why Fe3*
is stable. For shallow donor AI¥* in ZnO NCs, we have improved the previous core/shell
synthetic doping strategy, and observed that less defect has been introduced (especially the
charge compensation defect Zinc vacancy) together with the AI** doping. Thus, a higher
activated AI** is achieved.

Compared the bulk semiconductor doping with nanocrystal semiconductor doping,
the most distinct difference in the band diagram is the Fermi level. As we discussed in
Chapter 1, the Fermi level of bulk semiconductor doping can be estimated using Eq 1.1.1.
Fermi level increases compared to the intrinsic Fermi level according to the conduction
band electron accumulation. However, in the semiconductor nanocrystal, the Fermi level
is not determined by the deep donor. In fact, the intrinsic Fermi level varies according to
the different synthetic methods, and in return, will determine the dopant oxidation state.
This difference can be understood that in bulk semiconductor, the system is isolated. The
Fermi level outside the system will not alter the Fermi level inside the semiconductor, thus
doping can easily alter the Fermi level. In semiconductor NCs, the surface ratio increases
dramatically. When the size of NCs decreases down to few nanometers, more than 50% of
the atoms stay on the surface. The nanocrystal is thus fully exposed to the redox reactions

happens around the dangling bond at the surface, or in the solution. These redox reactions
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are what determine the Fermi level in the semiconductor NCs. Different synthetic methods
will result in the different surface defect and composition and further affect the Fermi level.

The Fermi level in semiconductors NCs is affected by the surface redox reactions
can also help to understand the band potential difference between the photo-charging and
the aliovalent doping. As discussed in Chapter 3, conduction band electrons can be
obtained through photo-charging with hole quench present. Schimpf and coworkers have
found that the delocalized electrons donating from aliovalent dopant Sn** in In,O3 NCs are
much more stable than the conduction band electrons from photo-charging, as seen in
Figure 5.1.2 This can be explained that oxygen is not present in the photo-charging
experiment, so the system is isolated from the surface redox reaction as bulk semiconductor
doping, and the Fermi level will increase as the conduction band elections increase.! In
aliovalent doped semiconductor NCs, Fermi level will stay constant for different dopant

concentrations.
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Figure 5.1. Band diagram for the different Sn** concentration in Sn** doped In,0O3 NCs.
(Adapted from reference 3)

However, the question remains about the nature of band potential shifting. Another

remaining question is that even though the new synthetic doping strategy brings the dopant
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activation up to 17%, there are still more than 80% of the aliovalent dopant been charge
compensated by other defects. So, where are those defects.

Even though the answer is not resolved, a recent review suggests couple ways to
shifting the redox potential of conduction band electron, including adding some positive
charges to the surface (H™ in ZnO NCs or Hg*in HgS NCs) or changing the surface dipole.
Later, the same group has published a report on using spectroelectrochemical measurement
to monitor the redox potentials on CdSe NCs and they observed redox potentials shifting
by changing the Cd?*-enriched surface to Se?*-enriched surface. The shift can reach up to
400 meV.2

Inspired by the surface dipole could shifting the band potential, we have provided
a hypothesis regarding the nature of stabilized conduction band electrons and the low

activated aliovalent dopant.
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Figure 5.2. Schematic diagram for the aliovalent doping in semiconductor NCs.

As seen in Figure 5.2, the left figure shows the basic picture of aliovalent doping in

semiconductor NCs. Due to the relatively higher redox potential of the shallow dopant
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compared to the conduction band potential, the electrons will donate to the conduction
band, forming delocalized electrons. However, this could not explain the band potential
shifting and the low dopant activation. In the right figure, the initial aliovalent dopant does
not donate electrons to the conduction band, instead, electrons are donated to the lower
energy surface states, including the dangling bond and surface ligand or defect. This will
create dipoles towards the core thus lower the band potential. The accumulation of the
surface electrons and surface dipoles will finally stabilize the conduction band potential
lower than the Fermi level determined by the surface redox reactions. Further aliovalent
dopant now can donate electrons to the conduction band.

This hypothesis will not only explain the nature of band potential shifting in
aliovalent doping in semiconductor NCs, the model also suggests a unique charge
distribution in NCs. The doped NCs are overall charge neutral, however, the ionized dopant
is only localized in the core while the NCs also have the surface electrons and delocalized
conduction band electrons. Currently, we are investigating the surface charge using
electrostatic force microscopy (EFM), and the premier result shows that ~ 100 e are

estimated on the surface of those aliovalent doped NCs.
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