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Abstract

Electron Spin Dynamics in Quantum Dots, and the
Roles of Charge Transfer Excited States in Diluted Magnetic Semiconductors

William K. Liu

Chair of the Supervisory Committee:
Associate Professor Daniel R. Gamelin

Department of Chemistry

In this dissertation, photoelectrochemical measurements have been used in
combination with absorption and magnetic circular dichroism spectroscopic

measurements to investigate the electronic structural properties of nanocrystalline

C02+:ZnO and Mn2+:ZnO diluted magnetic semiconductors that give rise to
macroscopic charge separation when these materials are excited with photons
throughout the visible energy range. From analysis of the spectroscopic results,
sub-bandgap charge transfer transitions have been identified and shown to be
responsible for the photoinduced charge separation in these materials. In a broader

context, these charge transfer excited states are shown to be relevant to the

, 2+ 2+ .
understanding of ferromagnetism of TM :ZnO, where TM  denotes 34 transition

metal cations. The assignment of the charge transfer transition (ligand-to-metal versus



metal-to-ligand) can reveal the polarity of the carriers that mediate the ferromagnetism

(n-type versus p-type, respectively). To investigate the exchange interaction between

. . . 2+ . . .
the carrier and magnetic dopant cation of TM™ :ZnO diluted magnetic semiconductors,

clectron paramagnetic resonance measurements were performed on colloidal

C02+:ZnO and Mn%:ZnO nanocrystals possessing additional quantum-confined
conduction band electrons. Additionally, the electron-nuclear hyperfine interaction
between nuclear spins of ®’Zn cations and additional quantum-confined conduction
band electrons, as reflected in the spin dephasing time, in colloidal ZnO quantum dots

is investigated by electron paramagnetic resonance spectroscopy.
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Chapter 1: Introduction
1.1 Introduction
The present and future state of an industrialized world relies heavily on the

available resources of energy. In 2004, the global annual energy consumption was ~15

1
TW and it is projected to increase to ~23.5 TW by 2030.[ : Currently, fossil fuels (oil,
coal, and natural gas) supply the majority of the global energy demand. With the ever

growing public concerns, however, of dramatic global climate changes caused by
. [2-4 . . 1 g erqs
elevating CO; levels, : harmful environmental impact from oil drilling and numerous
. 1gy [5-13] .. . .
oil spills, and the continuing consumption of the world’s nonrenewable oil and

coal reservesm have motivated the scientific community to search for viable methods
of harvesting other energy sources.

One of the most readily available and abundant energy sources that can be
tapped is solar radiation. With a temperature of about 6000 K, the Sun emits a

continuing influx of radiation from its surface with an energy distribution very similar

to a blackbody. The enormous amount of energy, approximately 9.5><1()24 W that
impinges on the Earth’s surface, could conceivably be collected and used to produce
both fuel (hydrogen fuel) and electricity without generating detrimental environmental
pollut’ants such as greenhouse gases from combustion of fossil fuels or radioactive
byproducts from nuclear plants. The major obstacle that continues to challenge the
scientific community to this day, however, is how to efficiently tap into this gigantic

energy reservoir.



2

The pivotal discovery of photocatalytic water decomposition on TiO,

[14] . . . . . . . .
electrodes ~ by ultraviolet light irradiation brought about a renewed interest in using
solar energy for generating a clean and renewable source of carbon-free energy (Eqn.

1.1.1).

Ti0, 2 s o7 4+ b, Eqn. [1.1.1(a)]
2eq, +2H - Hy Eqn. [1.1.1(b)]
2k, + H,0 - %02 +2H" Eqn. [1.1.1(c)]

The overall reaction is the photodecomposition of water
HZOM—)%OZ+HZ Eqn. [1.1.1(d)]

Unfortunately, one of the major limitation preventing this (TiO,) and other wide

bandgap semiconductor photoelectrodes (such as SrTiO3[15] and InTaO4[16]) from
becoming a commercially viable avenue of producing hydrogen and oxygen from
photocatalytic cleavage of water or used in solar cells for direct conversion of solar
energy to electricity is the poor matching of their absorption spectra with that of the
Sun’s solar spectrum. Thus, considerable effort has been devoted by numerous
investigators with the ultimate goal of shifting or extending the photoresponse of these
wide bandgap semiconductors into the visible spectral region of the solar spectrum,
since a large fraction of the solar power output consists of wavelengths in that spectral

range.
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Among the diverse approaches taken in the field of semiconductor-based
photocatalysis and photoelectrochemistry, one widely used strategy for extending the

photoresponse of wide bandgap semiconductors to the visible spectral region of the

16-26
solar spectrum have been doping with 3d transition metal impurities.[ ] The doping
process entails a small percentage of the metal impurity cations substitutionally
replacing the host semiconductor lattice cations. Kudo et al. demonstrated

photocatalytic H, evolution from an aqueous Na,SO; solution under visible light

2 17
irradiation (A>420 nm) on Cu +-doped ZnS macroscopic crystalline particles.[ ]Zou et
al. demonstrated that InTaO4 doped with transition metal cations of Mn, Co, or Ni

would photocatalytically evolve H, and O, from CH;OH/H,O and AgNO;/H,0

18
solutions, respectively, under visible light illumination (A>420 nm).[ : And similarly,

Jaramillo et al. observed H; production off the platinum counter electrode submerged
2
in an aqueous electrolyte and coupled to a Co +-dopcd ZnO electrode that was under

illumination at A>400 nm in a photoelectrochemical cell arrangement.m] The above
examples unambiguously demonstrate the consequences of incorporating dopant
impurities into wide bandgap semiconductors, however, the nature by which
photoexcitation of these dopant impurities results in the observed photoresponse have
not been adequately examined and deserves some attention. The central paradox
behind the observed photoresponse in these transition metal doped semiconductors is

that the ligand field excitations are highly localized at the transition metal dopant



4
cation. Therefore, the process by which such an excitation could lead to electron-hole

separation to generate the observed photoresponse is not apparent.

2
In Chapter 2, nanocrystalline Co +-doped ZnO electrodes are used as a model

system by which to elucidate the mechanism of photoinduced carrier generation in this
2+
and similar doped semiconductors. The use of Co -doped ZnO is ideal because it

possesses a well characterized and prominent spin-orbit-split 4A_2—> 4Tl(P) ligand field

band feature in the visible spectral region of the electronic absorption spectrum arising
2+ . L )
from the Co in the trigonally distorted tetraoxo cation coordination environment of

. [27,28] . .
wurtzite ZnO, and numerous researchers have observed photoresponse in this

. . . . . [20-26]
material under visible light illumination.

The electronic structural information obtained from spectroscopic and
photoelectrochemical measurements in Chapter 2 is not limited to just elucidating the
mechanism behind the photoresponse in transition metal doped semiconductors, but

also has relevance in explaining the observed high Curie temperature ferromagnetism

3

in transition metal doped oxide semiconductors -36]. In the broad field of magnetic
materials research, transition metal doped oxide semiconductors fall under the general
class of diluted magnetic semiconductors. As described above, a fraction of the
diamagnetic semiconductor lattice cations are substitutionally replaced with magnetic
cations. The presence of these localized magnetic cations in the nonmagnetic

semiconductor host leads to s,p-d exchange interaction (exchange interaction between

the semiconductor valence band electrons and dopant d electrons, and exchange
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interaction between the semiconductor conduction band electrons and dopant d

371 . . . . . o
electrons). ~ This s,p-d exchange interaction results in giant excitonic Zeeman

splitting that can lead to interesting magneto-optical effects, such as giant Faraday

. g . . . 38 .
rotation, and in ferromagnetism in some of the doped sem1conductors.[ : It is these
pronounced changes in their properties upon application of a magnetic field that make

diluted magnetic semiconductors a key component to the realization of semiconductor

spin-based electronic devices[39]. Currently, there are a number of existing theoretical
models that attempt to explain the observed magnetism in diluted magnetic
semiconductors. Dietl et al. have applied the Zener model of ferromagnetism to
various II-VI and III-V semiconductors doped with Mn cations. Their results
suggested that above room temperature ferromagnetism can be achieved in ZnO and

GaN doped with 5% Mn cations given that the semiconductor also contained a

. , , 20 -3[374
sufficiently high hole concentration of 3.5%10  cm .

o It is uncertain, however, if
such a hole concentration can be achieved in either of these semiconductors. While
high concentrations of n-doping can be accomplished in both semiconductors, high
concentration of p-doping is considered quite difficult due to such factors as low

solubility limits of the hole dopant in the semiconductor, the hole dopant forming a

deep acceptor in the semiconductor bandgap, or self compensation by intrinsic shallow

. . [37,41,42] .
donor defects in the semiconductor. Experimental work done on GaMnN

suggested that the difficulty in p-type doping of GaN may be attributed to the Mn level

_ : ) , [43,44]
being a deep acceptor in GaNN, thus making the Mn an ineffective acceptor. In the
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. . 2+, 2+ , .
case of ZnO, substituting Mn with Zn ions in the ZnO lattice does not lead to any

introduction of carriers. But p-doping have been achieved in ZnO by introducing

41,42,45] .
The hole concentration, however, was only

group V elements (such as N).[
~1016 cm-3 (refs. [41,45]) and therefore order of magnitudes smaller than the 3.5x 1020

cm-3 suggested by Dietl et al. as being necessary for achieving above room
temperature ferromagnetism.

Ferromagnetism in 3d transition metal doped ZnO has also been theoretically
investigated by ab initio calculations based on local density approximations by Sato et

al. Their results showed that under the condition of no additional carrier dopants, the
2+
anti-ferromagnetic state was stable in Mn -doped ZnO, whereas the ferromagnetic
. 2+ 2+ 2+ 2+ 2+ .
state was stable for ZnO doped with V', Cr ,Fe ,Co ,orNi with transition metal
. : [46-49] _
dopant concentration ranging from 5 to 25%. Furthermore, the calculations of

2
Sato et al. showed that ferromagnetism was induced in Mn +-doped Zn0O with hole

doping, agreeing with Dietl’s prediction. Similarly, using density functional

2
theory/local density approximation Spaldin et al. concluded that p-type Mn +-doped

Zn0O should exhibit ferromagnetism, however, contrary to the calculated results of
2
Sato et al. they also concluded that p-type Co +-doped ZnO should exhibit

50
ferromagnetism.[ : Coey et al. used a spin-split donor impurity-band model to explain

the observed above room temperature ferromagnetism in ZnO films doped with 5% of
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Sc, Ti, V, Fe, Co, or Ni, but an absence of ferromagnetism when doped with Cr, Mn,

[30,51]
or Cu.

With all these numerous theoretical models, it would appear that the
ferromagnetism in diluted magnetic semiconductors is well described and fully
understood, however, there are limitations to each model as well as inconsistencies
between some of the theoretical predictions. Dietl’s et al. predications based on the
Zener model is specifically for p-type materials, Coey’s et al. spin-split donor

impurity-band model does not explicitly account for the observed ferromagnetism in

2+
p-type Mn -doped ZnO, and the results of ab initio local density approximation and
density functional theory predictions of ferromagnetism as to whether it depends on

holes or electrons appear to be inconsistent as mentioned above for the case of

C02+-doped ZnO. Therefore, it is prudent to gain insight into the microscopic material
properties essential for high Curie temperature ferromagnetism in order to effectively
direct the development of new materials. In Chapter 3, a detailed model based on the
energies of donor- and acceptor-type excited states is presented to explain and predict
both p- and n-type ferromagnetism in diluted magnetic oxide semiconductors.
Although the aforementioned models and theoretical predications differ in their
approaches to explaining ferromagnetism in diluted magnetic semiconductors, they all
assert that carriers (holes or electrons) are needed. It is under that premise that in

Chapter 4 the exchange coupling between the magnetic dopant cations and

2
intentionally added quantum confined electrons in paramagnetic colloidal Mn " and
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2+
Co -doped ZnO quantum dots is investigated. The findings in Chapter 4 are relevant
to the overall field of semiconductor spin-based electronics where interest in
manipulating and controlling semiconductor spins for use in applications ranging from

spin polarized magneto-electrical and magneto-optical devices (such as spin field

. [52] T - . [53,54] [55
effect transistor ~ and spin light emitting diode ) to quantum computers :

Spin transport/injection (transferring spin polarized current into an otherwise
nonmagnetic semiconductor) is important, however, it is not the only prerequisite for

successful implementation of spin-based devices. The spin polarized carriers in these

. " . . . [56] .
materials must also exhibit sufficiently long spin coherence time. The spin

relaxation or coherence times are characterized by 7; and 7, which represent the

Yy . . (571 .
decay of longitudinal and transverse spin order, respectively. = In the simplest and
most basic two state system containing a population of spin +} electrons at thermal
equilibrium in an external magnetic field, a nonequilibrium perturbation to the system

can lead to (i) a change in the relative population of the two states, and (ii) a chan gein

the coherence or phase relationship between the two states.[56] For case (i) the two
state system must eventually return (relax) to the original Boltzmann distribution when
the cause of the nonequilibrium perturbation is removed. It can do so by coupling to
phonons and this relaxation is described by the time T, (spin-lattice relaxation or
longitudinal magnetization decay time). Similarly for case (ii), decoherence of the

spins by direct interactions with nearby magnetic dipoles is described by 75 (spin-spin

. .. . [56] .
relaxation or transverse magnetization decay time).  Generally, T,<T; such that T is
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. . . 56] .
the more relevant quantity for coherent spin-based dev1ces.[ The spin decoherence
time has been investigated for various II-VI and I1I-V semiconductors of bulk single

crystals, epitaxial thin films, and quantum dots using time resolve Faraday rotation

, [58-65]
spectroscopy, or luminescence pump-probe and Hanle measurements. In Chapter
4, the spin decoherence time is determined by electron paramagnetic resonance
spectroscopy for colloidal ZnO quantum dots containing additional quantum confined

conduction band electrons.
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Chapter 2: Spectroscopy of Phoztovoltaic and
+
Photoconductive Nanocrystalline Co :ZnO Electrodes

In this chapter, I demonstrate that photocurrent and photoconductivity
measurements can be used in combination with absorption and magnetic circular

dichroism (MCD) spectroscopic measurements to elucidate the mechanism of
2+
photoinduced carrier generation in nanocrystalline Co :ZnO electrodes. The

experiments presented here allow for direct observation of two broad Co2+ charge
transfer (CT) bands extending throughout the visible energy range. The observed
difference in the internal quantum efficiencies between these two charge transfer
excitations is explain by the differences in excited-state wave functions arising from
configuration interaction with the /S excitonic levels of ZnO. In addition, practical
factors controlling the overall photovoltaic efficiencies of the photoelectrochemical

cells, including electrode conductivity and porosity, are examined.

2.1 Introduction
Doping with transition metal impurities has been widely investigated as a
strategy for extending the photoresponse of wide bandgap oxide semiconductors into

the visible spectral range, thereby making them suitable candidates for photochemical

. . . . . (15
conversion of solar energy into electrical or chemical potentlal.[ : Recently, for
example, direct hydrogen production by InTaO4 was observed with visible irradiation

2+ . . et .
when Ni  dopants were introduced as colored 1mpur1t1es.[ ] The photochemistry was

reported to proceed via excitation of a sub-bandgap absorption feature attributed by
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the authors to a Ni2+ d-d transition. Similarly, H, production from H,O has been
. 2+ . . 2+ . . 2+

observed with low-energy Co d-d excitation in Co -doped zinc oxide (Co :Zn0O)

photoelectrochemical probes,m and visible Cr3+ ligand field excitation in Cr3+/Sb5+

codoped TiO, was reported to induce O, evolution from an aqueous silver nitrate

solutlon.[ : In the above examples, it is unclear how ligand field excitation can induce
electron-hole separation to generate the observed photocatalytic activity in these

transition metal doped semiconductors, given that the ligand field excitations are
. . .. . . 1
highly localized at the transition metal impurity centers.[ :
2+ . . ... .
In many regards, Co :ZnO is the archetypical dopant-sensitized wide bandgap
. . 2+
semiconductor. The visible photoresponse of Co™ :ZnO has been observed by several
. . [6] ) 2+
groups using single crystals = or polycrystalline Co :ZnO prepared by pellet
. .7 . [8] .9 . (2] .
sintering, = spray pyrolysis,  sol-gel coating, = electrodeposition,  or radio
. (o
frequency sputtering. In most cases, the photoresponse was found to extend
throughout the visible energy range, with a photoanodic current excited between
-1 , 4 4 ..
14000 and 18000 cm  that was clearly attributable to the Ay~ T(P) d-d transition of
2+ . 2+
the Co  dopant. Previous analyses have led to proposals that Co™ :ZnO photocurrent
. .. [10,11] 4 . .
occurs via thermal electron emission from the T;(P) excited state, or relaxation
4 7
of the Ti(P) excited state to a lower energy photoionized state,[ : but the proposed

photoionization level has itself never been detected directly. Additionally, Co2+ doping

also enhances photocurrent generation with near-ultraviolet excitation, reportedly by
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shifting the onset of the ZnO absorption band edge to lower energies,[lzl but the
origins of the near-edge absorption intensity have not been adequately investigated.
Some researchers have attributed the apparent decrease in the ZnO absorption edge
energy to an increase in the valence band energy upon Co2+ doping,m whereas others

have suggested that this near-edge absorption intensity results from promotion of a
Co2+ d. electron into the conduction band[gl or from transitions involving other defects
in the bulk material.””

In this chapter, we use photovoltaic and photoconductive device structures to
obtain high quality photocurrent action spectra for nanocrystalline C02+:Zn0 thin film
electrodes. These photocurrent and photoconductivity measurements as well as
absorption and magnetic circular dichroism (MCD) spectroscopic measurements all
show evidence for the existence of broad C02+-based charge-transfer (CT) transitions
extending throughout the visible energy range and, in particular, overlapping the
4A2-> 4Tl(P) ligand field absorption band at ca. 14000 cm~1. The lowest energy CT
transition is assigned as a Co2+—-> conduction band (MLcgCT) excitation, and a higher

energy CT transition involving electron promotion from the valence band to

‘C02+(LVBMCT) 1s also observed. Sensitization of the C02+—> conduction band CT by
ligand field excitation is concluded to be responsible for the distinct structured
photocurrent action spectrum of these electrodes in the visible energy range. The
different internal quantum efficiencies for charge separation measured for the two CT

excited states are related to differences in intrinsic escape probabilities for
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photogenerated electrons and holes by consideration of configuration interaction with
the /S excitonic excited states. Practical factors controlling the overall efficiencies of
the photoelectrochemical cells, including electrode conductivity and porosity, have
also been examined.

The detailed spectroscopic and spectroelectrochemical description of this
archetypical doped wide bandgap semiconductor provides a basis for understanding
related doped oxide semiconductors currently under investigation for photocatalysis
and solar energy conversion. In a broader context, the charge transfer electronic
structural information obtained from these measurements is extremely valuable in
understanding the physical properties of doped oxide semiconductors in general, and
the high Curie temperature ferromagnetism recently discovered in some of the same

. , 13,14] ) 2+ 1520
doped oxide semlconductors,[ ]mcludlng Co :ZnO.[ )

2.2 Experimental
2.2.1 Synthesis of C02+.'Zn0 Nanocrystals

Colloidal nanocrystals of C02+:Zn0 were prepared as described previouslypo]
with minor modifications. Briefly, in a typical preparation, an ethanolic solution of
0.552 M tetramethylammonium hydroxide pentahydrate (N(CH3);0H-5H,0, 97%,
Sigma-Aldrich) was added dropwise at a rate of ~2 mL/min to a dimethyl sulfoxide
(DMSO, 99.7%, Acros) solution of 96 mM zinc acetate dihydrate (Zn(OAc);2H,0,
98%, Strem) and 5 mM cobalt acetate tetrahydrate (Co(OAc)y'4H,0, 99.8%, GFS

Chemical) under vigorous stirring at room temperature. The reaction mixture was then
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heated at 333 K under constant stirring to promote nanocrystal growth. Subsequently,
the nanocrystals were precipitated from the DMSO by addition of ethyl acetate,
collected, and resuspended in ethanol. The colloids were then reprecipitated and
washed with heptane. For one set of experiments, the nanocrystals at this stage were
resuspended in a minimal amount of ethanol and used for spin coating directly as
prepared. For a second set of experiments, dodecylamine (CH3(CH,)11NH,, 98%,
Sigma-Aldrich) was added and the suspension was heated at 453 K for at least 30
minutes to yield dodecylamine capped nanocrystals.m’m The dodecylamine capped
nanocrystals were cooled, precipitated, and washed with ethanol, and then
resuspended in toluene for spin coating. For the third set of experiments the colloids
were capped with trioctylphosphine oxide (TOPO, (CHs(CH,)-)sPO, 90%,
Sigma-Aldrich) instead of dodecylamine, again yielding high-optical-quality colloidal
suspensions of the nanocrystals in toluene. For clarity, samples prepared in these three

ways are hereafter referred to as (1) Co2+:ZnO(OH-), (2) C02+:Zn0(amine), and (3)

C02+:ZnO(TOPO), respectively.

2.2.2 Preparation of Nanocrystalline C02+.'Zn0 Electrodes
Electrodes of C02+:ZnO were prepared by spin coating colloidal C02+:Zn0

onto indium tin oxide (ITO) coated glass (2.5x1.3 cmz, Delta Technologies, R, =
70-100 Q). Electrical tape was used to mask off a 5 mm strip at one edge of the ITO to
ensure direct electrical contact could be made later. The electrode was heated at 723 K

in air for 1-2 minutes after each layer was added. After the last layer was applied, the
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films were annealed aerobically at 723 K for 1 hour to induce particle sintering and to
2]

. .. . . [2
calcine the remaining organic solvents or surface ligands.

For some experiments, 1-2 drops of a polystyrene sphere (PS) suspension 85+
5 nm, PolySciences Inc., 4.55><1013 particles/mL) were added to 2.0 mL of the

2
concentrated ethanol Co +:ZnO colloidal suspension. The mixture was sonicated for
10 minutes and spin coated onto ITO as described above. The polystyrene spheres

were then calcined during annealing. Such films are denoted by the label “PS”. For

other experiments, nanocrystalline C02+:ZnO electrodes were sealed along with 20-25
mg tin metal (Sn) pellets in evacuated borosilicate tubes and annealed at 773 K for
15-180 minutes. There was no physical contact between the sample and the Sn pellets.
The sealed test tubes were cooled to room temperature prior to breaking the vacuum.

For clarity, films annealed with Sn metal are labeled with the postscript “Sn” (e.g.,

C02+:ZnO(Sn-PS) for a C02+:Zn0 film prepared with PS during spin coating and also

annealed in the presence of Sn).

2.2.3 Assembly of C02+.'Zn0 Photovoltaic Cells
Two-electrode  photovoltaic  cells were constructed in  Gritzel’s
. [2324) _ 2+ ,
configuration using the nanocrystalline Co :ZnO/ITO films as the working
electrodes (WE). For counter electrodes (CE), platinized ITO electrodes were prepared

by spin coating a 2-propanol solution of 10 mM chloroplatinic acid hexahydrate

(H2Pt(Cl)s:6H,0, 99.9%, Strem Chemicals Inc.) onto cleaned pieces of ITO-coated

: . . 1251 .
glass and heating to 658 K for 15 minutes in a tube furnace open to a1r.[ ) Prior to use,
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the platinized ITO electrodes were rinsed with ethanol and dried in nitrogen gas. A ~6
mm diameter aperture was prepared from electrical tape and adhered to the CE. The

shallow well formed by the electrical tape was filled with an electrolyte solution of 0.5
M Lil/0.05 M L, in propylene carbonate.ps] The WE and CE were then sandwiched

o L2324 ,
together at an offset and secured with binding chps.[ ) Strips of copper tape with a
conductive adhesive (L-Com Connectivity Products) were placed onto the exposed

ITO surfaces of both electrodes for electrical contacts.

2.2.4 Physical Measurements

Cobalt concentrations in C02+:ZnO samples were determined by inductively
coupled plasma atomic emission spectrometry (ICP-AES, Jarrel Ash model 995). Film
thicknesses were measured using an Alpha Step 500 contact probe surface
profilometer. Scanning electron microscopy (SEM) images were collected on an FEI
Serion XL30 field emission electron microscope. Electronic absorption spectra were

collected using a Cary 5E spectrophotometer (Varian). Magnetic circular dichroism

spectra were collected as described previously.[zol Short circuit currents were
measured using a uAutolab Type II potentiostat (Eco Chemie B.V.). An Aviv 40DS
spectropolarimeter equipped with a 350 W xenon lamp was used as the illumination
source to collect photocurrent action spectra. Excitation intensities over the
wavelength range of the experiment were measured using a calibrated silicon
photodiode. All photocurrent measurements were performed by illumination through

the WE. Room temperature film resistance measurements were performed using an
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in-line four-point probe (Lucas/Signatone Corp.). Due to the high resistivities of the
films, sheet resistance values could not be determined accurately and only film

resistance values are reported.

2.2.5 Photoconductivity and Vapor Sensing
An ~100 ym channel was etched into a piece of ITO using concentrated HCI.

The width of the channel was determined using a reflective microscope. The channel

was then filled with a spin-coated film of C02+:ZnO nanocrystals as described above.
A 100 V DC bias was applied across the film and the dark current and photocurrent
were measured while the film was enclosed in flowing atmospheres of vapor from
various solvents including H,O (HPLC grade), pentane, toluene, and methanol, with
argon as the carrier gas, or under vacuum or ambient air. Each of the solvents was

degassed by the freeze-pump-thaw method prior to use, and the methanol was distilled

26
from Iz/Mg(s).[ ) The illumination source was an unfocused 20 W tungsten halogen

lamp.

2.3 Results and Discussion

Figure 2.3.1(a) shows a schematic of the C02+:Zn0 photovoltaic cell assembly.

A color photograph of an assembled cell is shown in Figure 2.3.1(b). Figure 2.3.1(c)

. 2+ - .
shows an SEM image of a representative 3% Co :ZnO(OH) nanocrystalline
electrode. Extensive sintering of the nanocrystals during calcination yields a highly
porous but continuous network of interconnected grains in these films. As shown in

Figure 2.3.1(d), addition of 85 + 5 nm diameter polystyrene spheres during spin coat
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processing increased the film porosity substantially, with roughly twice the vacant
volume relative to Figure 2.3.1(c). Note that the film thicknesses (ca. 4 ym) are ~13

times greater than the widths of the areas imaged in Figure 2.3.1(c),(d).

Figure 2.3.1. (a) Schematic of the C02+:Zn0 regenerative photovoltaic cell. (b)
Photograph of the assembled cell. SEM images of ca. 4 um thick nanocrystalline 3%

C02+:Zn0 films prepared frorr; solutions of C02+:ZnO(OH-) (¢) without and (d) with
+
added polystyrene spheres (Co :ZnO(PS)).

Figure 2.3.2(a) compares the 300 K electronic absorption spectrum of a

representative 4 ym thickness 3% C02+:Zn0(amine) film (dashed) to the photocurrent

action spectrum of the same film incorporated into a regenerative photovoltaic cell

(solid line). The absorption spectra of all C02+:ZnO films were essentially identical

with the one shown in Figure 2.3.2(a). The absorption spectrum in Figure 2.3.2(a) is
dominated in the visible by the prominent spin-orbit-split 4A2—>4T1(P) ligand field
band (~16400 cm-l) characteristic of Co2+ in the trigonally distorted tetraoxo cation

o : ) 20,27 4 4 )
coordination environment of wurtzite ZnO.[ : The lower energy A,— Ti(F) ligand
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field band was also observed (the transition is not shown Figure 2.3.2 since it occurs
-1, [27] 2+ ,

centered at ~7000 cm ). " The Co :ZnO photocurrent action spectrum, represented
2

as incident photon-to-current conversion efficiency (IPCE)[ : as defined in Eqn. 2.3.1,

2
follows the Co +:ZnO absorption spectrum closely throughout the entire spectral range

shown,

(1.24><103)isc(,uA/cm2)

IPCE (%)=
CE(%) ﬂ(nm)xymc(W/mz)

Eqn. [2.3.1]

Increasing the excitation energy from the near infrared, photocurrent was first
observed at ca. 14000 cm-l, coinciding with the onset of Co2+ 4A2—> 4T1(P) absorption.
Above the 4A2—> 4T1(P) threshold, photocurrents were observed with excitation
throughout the rest of the visible and ultraviolet energy region up to 25000 cm-l, the

- 28
experimental limit imposed by the onset of I absorbance.[ : Solvent vibrational
overtones occluded the lower energy ligand-field absorption bands in the photovoltaic
cell, but the absence of photoactivity with excitation into these bands was verified by

the absence of detectable photoconductivity in the solventless etched-channel

. . 2 .
photocurrent device configuration (vide infra). All Co +:ZnO photovoltaic cells
exhibited photocurrent action spectra similar to that presented in Figure 2.3.2, which
itself generally agrees with photoconductivity data reported previously for

. 2+ . [8] N U
polycrystalline Co :ZnO produced by spray pyrolysis  or pellet sintering . A
significant difference in peak IPCE values was observed when comparing

C02+:ZnO(OH-) and C02+:Zn0(amine) electrodes, however, with the former
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consistently performing better (see Figure 2.3.3). Thicker C02+:Zn0 nanocrystalline

films also yielded higher IPCE values. Figure 2.3.2(b) reports the action spectra of

Absorbance

IQE (%)

~ MCD (Deg)

Energy (x1 0’ cm'1)

Figure 2.3.2. (a) Absorption (dotted line) and photocurrent action (solid line) spectra

of the 4.1 um thick 3% C02+:Zn0(amine) nanocrystalline photoanode. The absorption
spectrum was taken prior to cell assembly. (b) Photocurrent internal quantum

efficiency (IQE) for the C02+:Zn0 photovoltaic cell from part (a), compared with the
analogous undoped ZnO photovoltaic cell. (¢) Variable-field (5 K, 0-6.5 T) MCD
+

spectra of a frozen solution of 5 nm diameter 1.7% Co :ZnO nanocrystals. Adapted
from ref. [20] (MCD was collected by Dr. Dana Schwartz). Inset: 5 K MCD

saturation magnetization data collected for the bands at 19300 (o) and 15800 cm'l(o).
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Co2+:ZnO and ZnO photovoltaic cells converted to internal quantum efficiencies (vide
infra).

Figure 2.3.2(c) shows 5 K MCD spectra collected for colloidal Co2+:ZnO
nanocrystals prepared in the same way as those used to make the photovoltaic cells.
The spectra are presented as a function of applied magnetic field, showing increased
MCD intensities with increasing applied fields as illustrated in the inset for the two
probe energies labeled in the figure.

Figure 2.3.3 shows the transient photocurrent responses (I vs t) for

representative C02+:ZnO(OH-) and C02+:Zn0(amine) films when assembled into

photovoltaic cells, with irradiation at 400, 500, and 610 nm. There was no detectable

photocurrent for illumination energies <~13000 cm-l. Both photovoltaic cells

responded rapidly to illumination, requiring less than ca. 10 seconds to reach steady
state for both “on” and “off” steps. In contrast to the C02+:ZnO(OH—) and

C02+:Zn0(amine) cells, photovoltaic cells prepared from TOPO-capped C02+:Zn0
nanocrystals showed negligible photocurrent when illuminated at 500 or 610 nm and
only very weak photocurrent at 400 nm (data not shown), and consequently, no further

experiments were done using TOPO-capped nanocrystals.

2

Figure 2.3.4(a) shows the steady-state photocurrent of a 3% Co +:ZnO film

(inset) under a 100 V applied bias and broadband illumination using an unfocused 20
W tungsten halogen lamp, before and after evacuation of the chamber encasing the

film. Under ambient atmospheric conditions, photocurrents were detected with visible
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excitation with a response mimicking that of the regenerative photovoltaic cell (Figure
2.3.2(a)). Broadband excitation using the same unfocused 20 W tungsten halogen

lamp and a near infrared long-pass cutoff filter verified the absence of photocurrent
with excitation into the low-energy 4T1(F) and 4T2(F) ligand field excited states that

occur below 10000 cm-l. As shown in Figure 2.3.4(a), the photocurrent measured with

(a) (b)
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Figure 2.3.3. Transient photocurrent response curves cozllected with 400, 500, and 610
+ -
nm monochromatic excitation for (a) 3% Co :ZnO(OH) and (b) 3%

2
Co +:ZnO(amine) photovoltaic cells. The data have been corrected for the power
output of the illumination source at the specified wavelength.



27
this device was rapidly quenched upon evacuation of the chamber encasing the film.
Figure 2.3.4(b) shows the dark-current and photocurrent (broadband illumination with
an unfocused 20 W tungsten halogen lamp) responses of the same film exposed to
different solvent vapors at 298 K. For a vacuum or vapors of pentane or toluene, the

dark current was negligible. Under illumination, the currents increased by a factor of

Time (sec)
0 20 40 60 80
vacuum on (a)
3 4
= M
=
5 2
g1
o
04
10" -
=10’ |
- T ."D.‘.‘::
100 1 ‘ Y I
i D" ‘.‘_."‘ ‘._"'D ................. D:‘:'

Vacuum Ambient Water Pentane Toluene Methanol
(268Torr) (549Torr) (31 Torr) (140 Tom)

Surrounding Enviroment

Figure 2.3.4. (a) The effect of a vacuum on the photoconductivity of a 3%

C02+:ZnO(OH-) nanocrystalline film under a 100 V bias. Inset: photograph of a thin
film on ITO electrodes. (b) The dark-current responses (A) and photocurrent

responses () of a 3% C02+:ZnO nanocrystalline film under a 100 V bias, exposed to
various solvent vapors, and plotted as the log of the measured current (/g) relative to
the dark current under ambient conditions (7). An unfocused 20 W tungsten halogen
lamp was used for illumination.
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10 each. In contrast, the dark currents for the same film under vapors of methanol,
water, or ambient air were orders of magnitude larger, with water being the highest
(128 pA). An increase in current was also observed upon illumination in each case

(note the logarithmic y-scale in Figure 2.3.4(b)).
The resistances of the as-prepared nanocrystalline C02+:ZnO films were all

beyond the upper limit of our detection capabilities (>1O9 (). Heating the films in
evacuated glass tubes at 773 K in the presence of Sn metal improved film
conductivities significantly relative to those heated aerobically, with no discernible
changes in the C02+:ZnO absorption spectrum. These data are summarized in Table

2.3.1, which also reports the relative areas of the internal quantum efficiency curves

(vide infra) integrated between 14000 and 21550 cm-l. Although the absorption

Table 2.3.1. Summary of Relative Photocurrent IQEs” for Various Nanocrystalhne 3%
Co ZnO Photovoltaic Cells, Integrated between 21550 and 14000 cm .

Film Resistance Relative V2a+riations In Relative
@) Integrated Co :ZnO(OH) Integrated

IQE Electrode Preparation IQE

>10° (aerobic anneal) 1.0 C02+; ZnO(OH) 1.0

>10° (vacuum anneal without Sn) 1.0 C02+; ZnO(Sn) 3.1

3.8x107 (vacuum anneal with Sn) 33 Co :ZnO(Sn-PS) 3.5

1.5x107 (vacuum anneal with Sn) 3.0

2.0x10° (vacuum anneal with Sn) 2.3

2 -
* Numbers are reported relative to a reference Co +:ZnO(OH) cell, which is listed as
the first entry in each column.
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spectra did not change with this procedure, the photocurrent action spectra of films

heated with Sn metal all showed a new maximum at 23600 crn-1 that was never
observed in films that were not annealed with Sn metal. The relative integrated
internal quantum efficiencies of cells prepared with and without polystyrene spheres
are also summarized in Table 2.3.1. Values are reported relative to the first entry of

each column.

2.3.1 Electronic Structure Contribution to Photoinduced Charge Separation in
2+
Co :ZnO

As a wide bandgap semiconductor, ZnO is normally insensitive to irradiation
with visible light. Doping ZnO with C02+ introduces new sub-bandgap absorption that
extends the response of ZnO photovoltaic cells throughout the visible energy range
(Figure 2.3.2). The photocurrent action spectra (Figure 2.3.2(a)) of the C02+:ZnO
photovoltaic cells examined here were all essentially identical and all generally traced
the C02+:ZnO absorption spectrum over the entire ultraviolet and visible spectral
ranges. The dominant feature in the visible region of the photocurrent action spectrum
is clearly attributable to the 4,A2—> 4T1(P) Co2+ ligand field transition, and the
photocurrent action spectrum in this energy region closely traces the fine structure of
this absorption band between ca. 14000 and 18000 cm-l. The energy, intensity, and
band shape of this transition are all similar to those observed for tetrahedral Co2+ ions

in other semiconductors and in coordination complexes, and are described well by

ligand field theory using the parameters Dg = 390 cmul, B =775 cm-l, C =3500 cm'1

2
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127 . . . 4 4 .

and A = -250 cm . Given the highly localized nature of the Ay~ T(P) excited
state, it is paradoxical that this excitation generates macroscopic charge separation.

The photocurrent action spectrum was converted from IPCE to internal

quantum efficiency (IQE) as described by Eqn. 2.3.1.1, where T refers to the

29
experimental film transmittance obtained from Figure 2.3.2(a).[ :

IPCE

IQE (%) = =)

Eqn. [2.3.1.1]

Examination of the resulting photocurrent IQE spectrum, plotted in Figure 2.3.2(b),

reveals that the quantum yield for generation of detectable carriers by absorbed

photons in C02+:Zn0 is wavelength dependent. The photocurrent IQE spectrum shows
2

three distinct sub-bandgap energy regions in the Co ".Zn0 excited state electronic

structure: (a) below energies of ca. 14000 cm'1 (e.g., 4T1(F) and 4T2(F) ligand field

excited states), where absorbed photons generate no detectable carriers; (b) between
14000 and 22000 cm-l, where a nearly constant photocurrent IQE of ~0.5% is

observed; and (c) above 22000 cm-l, where the photocurrent IQE increases by a factor
of more than 4 relative to its value at lower energies, but where no analogous
photocurrent intensity is observed in undoped ZnO cells (Figure 2.3.2(b)).

To analyze these three regions of the photocurrent action spectrum, the
photocurrent IQE spectrum may be compared with the 300 K electronic absorption

and 5 K MCD spectra of C02+:ZnO, also included in Figure 2.3.2. The electronic

absorption spectrum has been described in detail previously.m] The absorption
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spectrum is dominated in the visible energy range by the intense Co 4A2—> 4T1(P)
ligand field band and in the ultraviolet energy range by the ZnO bandgap absorption.
The MCD spectrum reveals two new spectroscopic transitions in this same energy

range. Although previous reports have described narrowing of the fundamental
M2 [212] .
bandgap energy of ZnO upon Co doping, the broad negative MCD feature at ca.

25200 cm” reveals that the red shift of the band edge absorption is in fact attributable

to the appearance of a new electronic excited state at this energy which was not
. g (27 : . .
dlscermble[ : by electronic absorption spectroscopy. The S = ¥ saturation
oL : : . . : 7 2+
magnetization of this MCD intensity rules out its ass1gnment[ : to non-Co defect

transitions. This transition has been assigned as a light-induced acceptor-type

lonization of the transition metal dopant on the basis of optical electronegativity
. . 20 . .
conmderatlons,[ : an assignment strongly supported by the appearance of a similar
. -1, .
band shifted to lower energy by 6750 cm in the corresponding spectra of

Ni2+:ZnO.[20] To higher energy, the positive MCD intensity at ca. 28000 cm-1 is the
onset of an intense pseudo-A term from the first excitonic transition of the ZnO host,
which gains MCD intensity through OVB-C02+covalency (p-d hybridization).[zo] The
MCD spectrum additionally reveals a very weak, broad transition between ca. 18000
and 22000 cm’ that is also not evident from the electronic absorption spectrum and

therefore has not been assigned previously. The saturation magnetization of this weak

intensity (measured at 19500 cmnl, Figure 2.3.2(c) (inset)) confirms that it arises from
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a§= % ground state, consistent with its assignment to the same magnetically isolated

2
pseudo-tetrahedral Co "as all of the other observable MCD features. Because of the
absence of structure in this weak feature, it is not likely associated with the
spin-forbidden d-d excitations anticipated in this energy region from ligand field

theory. The exception is the sharp peak at 20280 cm'1 in both the absorption and MCD

. 4 2 D .. [2027,30
spectra, assigned as the A,~ A;(G) spin-flip trans1t10n.[ )

The broad,
unstructured band shape of the MCD intensity between 18000 and 22000 cm-1
suggests the transition should instead be assigned as a light-induced donor- or
acceptor-type ionization process of the transition metal dopant.

These light-induced donor- or acceptor-type ionization processes of the

transition metal dopant in DMSs have been studied extensively by both
. [31-35] . [36-40] T
experimental and theoretical methods. In donor-type ionizations, an electron
2
is formally promoted from the TM " d shell donor orbitals to ZnO-based acceptor
0 -1 1
orbitals of the conduction band (CB), that is, d (CB) -» d (CB) . In acceptor-type
2
ionizations, an electron is formally promoted to the TM i d shell acceptor orbitals

-1
from ZnO-based donor orbitals of the valence band (VB), that is, (VB)'d' - (VB)"

+1 . . .
d , Where ¢ is the number of electrons in the valence band. Because considerable

charge is shifted between the dopant and the semiconductor in each of these electronic

transitions they are often referred to collectively as charge-transfer (CT)

[31-38] . . . :
processes. Treating the semiconductor lattice as a ligand to the dopant, the
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donor- and acceptor-type ionization transitions are thus formally metal-to-ligand
conduction band CT (MLcgCT) and ligand valence band-to-metal CT (LvsMCT)

transitions, as summarized in Eqn. 2.3.1.2.

IM* > TM" + 1}, (LVBMCT, TM™ acts as acceptor)Eqn. [2.3.1.2(a)]
TM** — TM* +eg; (MLeyCT, TM™ acts as donor) Eqn. [2.3.1.2(b)]

Analysis of the charge-transfer energies in C02+:ZnO is facilitated by

consideration of the optical electronegativities, yop, of the donor (D) and acceptor (4)

involved in the transitions. Following J;argensen,[m_“] Eqgn. 2.3.1.3 relates D-4 charge
transfer transition energies to Yop(D) and yop(4) on Pauling’s electronegativity scale,
taking into account differences in spin-pairing energies (SPEs) between the ground
and excited electronic states.

Ecr =30000cm™ (%,,, (D)= Z, (4)) + ASPE Eqn. [2.3.1.3]

The SPEs of the ground and CT excited states can be estimated from Eqn. 2.3.14
using the Racah electron-electron repulsion parameters B and C, determined

spectroscopically from analysis of the ligand field absorption data.

SPE =[(S(S+1))-S(S+1)]D Eqn. [2.3.1.4(2)]

D= (gj{@)z& + c} Eqn. [2.3.1.4(b)]

For tetrahedral C02+, Xopt reflects the energy of the doubly occupied d. (nonbonding)

set of d orbitals. A LygMCT excitation would promote an electron into the half
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occupied d, (o*-antibonding) orbitals that lie 10Dg above the d, pair, so for
calculation of this transition energy a value of 10Dg must be added to Egn. 2.3.1.3.

Using this approach, 7e(Co” ) = 1.9, 7op(O” vs) = 2.4, and ASPE = +(%) D = 8440

cm-l, a value of Eppcr = 27000 cm-1 is calculated for the first LygMCT transition of
2+ [20] . "

Co :ZnO,  in excellent agreement with the observed transition energy of ca. 25200

em’ in Figure 2.3.2(c). The sub-bandgap photocurrent action intensity at 24000 cm’

is therefore attributed to LygMCT excitation of Co”:ZnO. This assignment differs

from those made previously, in which this photocurrent intensity was suggested to
2+ , , , 9
result from promotion of a Co  d, electron into the conduction band (i.e. MLCBCT),[ :
" . . . 7
from a transition involving dopant-related defects in the bulk,[ : or from the onset of
. o e 121
direct ZnO bandgap excitation.

The photocurrent action intensity below ca. 22000 cm-1 is too low in energy to
be attributed to the LygMCT excited state. This conclusion is supported by the
reduced photocurrent IQE in this energy range, which suggests charge separation via a

different excited state having a lower intrinsic quantum yield for charge separation.
This low-energy excited state is unlikely to be the 4A2—> 4T1(P) ligand field state
because the high-energy end of this photocurrent action region (ca. 22000 cm'l)
substantially exceeds the high-energy tail of the 4A2—> 4Tli(P) ligand field absorption

band (ca. 19000 cm-l). Indeed, close inspection of the data in Figure 2.3.2(b) reveals

that the photocurrent IQE actually decreases as the photon energy is tuned from 22000
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to 18000 cm-l. 4A2—> 4T1(P) ligand field excitation thus leads to a reduction in charge

separation quantum efficiency, not an increase. We therefore assign the photocurrent
action intensity between 14000 and 22000 cm-1 in Figure 2.3.2 to an MLcgCT
excitation of C02+:ZnO. The energy anticipated for the MLcgCT transition in
C02+:Zn0 can be estimated, again using Jergensen’s optical electronegativity
formalism (Eqn. 2.3.1.3). The lowest energy MLcgCT transition involves promotion

of an electron from the filled d, set of orbitals into the conduction band, and

consequently no correction for Dg is required. Using Eqn. 2.3.1.3, the value of
2+ . . . [43] . . .
Xop(Zn ) = 1.1 in ZnO estimated previously = and verified spectroscopically in
Mn':zn0,”" and ASPE = 2D (-12688 em), the energy of the first MLogCT
transition in C02+:Zn0 is predicted to be 11300 cm-l. Given the crudeness of the
model, this energy is in remarkable agreement with the onset of the photocurrent

action at 14000 cm'1 (Figure 2.3.2), supporting assignment of the broad, weak MCD
intensity and photocurrent action in this energy region to a MLcgCT transition.
Between 19000 and 22000 cm'l, the measured photocurrent IQE reflects direct
excitation into the very weak, broad absorbance assigned as the MLcgCT band. The
photocurrent IQE value in this region is ~0.6%. With excitation between 19000 and
14000 cm’, the photocurrent IQE reflects excitation into the intense ‘Az *Ty(P)

ligand field band. The photocurrent IQE with ligand field excitation decreases to

~0.4%. These data demonstrate that 4A2—> 4T1(P) ligand field excitation sensitizes
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charge separation via the MLcpCT excited state, but with a reduced (~70%)
photocurrent IQE relative to direct MLcgCT excitation. Despite the reduced

photocurrent IQE, the IPCE is greatly enhanced by this sensitization due to the large

increase in optical density at this energy brought by the intense 4A2—> 4T1 P) band. The
P y gy gnt by

reduced efficiency for the sensitized photocurrent relative to direct MLcgCT excitation

stems from the availability of competitive relaxation pathways for the T;(P) excited

state, including luminescence and nonradiative decay to the ground state through the
4 4
ligand field manifold. The fact that T;(P)»> A, luminescence is observed in
2+ . . . (441 . .. . .
Co :ZnO, albeit with small quantum yields, ~ indicates a relatively slow relaxation

of this excited state and strongly suggests that the 4T1(P) electronic origin must lie at
or below that of the MLcgCT transition. Our attempts to measure the temperature
dependence of the photocurrent action or photoconductivity spectra to estimate the
energy difference between these two electronic origins have all been unsuccessful due
to conductivity quenching under the cryogenic experimental conditions (see Section
2.3.2). Nevertheless, we may conclude that these two electronic origins must be nearly

degenerate.

The electronic structure and photophysical properties of C02+: ZnO deduced
from these spectroscopic and photovoltaic measurements are summarized
schematically in the energy level diagram of Figure 2.3.1.1, where they are compared
directly to the low temperature MCD spectrum from Figure 2.3.2(c). Direct LygMCT

or MLcgCT excitation generates current in the regenerative photovoltaic cells. The
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fact that the photocurrent IQEs differ for these two CT excited states indicates that the
LvsMCT excited state does not relax efficiently to the MLcpCT excited state or the

ligand field excited state manifold, but instead leads directly to upper excited state

2T e AL
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§15000-C:
[]
i}

10000-

5000

. Co?, *AdfF)
10 00 10 20 Ground State Co?+ZnO

MCD (Deg)

Figure 2.3.1.1. Energy level diagram for Co :ZnO deduced from combined
spectroscopic and photoelectrochemical measurements, compared with the 5 K, 6.5 T
MCD spectrum from Figure 2.3.2(c). The thick arrows describe photoinduced charge
separation with excitonic excitation, direct LygMCT or MLcgCT excitation, and

MLcBCT excitation sensitized by Co2+ 4A2-—>4T1(P) ligand field excitation.

charge separation. This slow internal conversion is likely due to the fact that the
LvsMCT and MLcgCT configurations (Eqns. 2.3.1.5(a) and 2.3.1.5(b), vide infra)

differ by two electrons. Importantly, the broad MLcgCT band overlaps the intense
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4
Ay 4T1(P) ligand field band in the visible, placing the MLcgCT state in an energy

region suitable for sensitization by ligand field excitation. The nonradiative

4
T1(P)= MLcpCT internal conversion is indicated in Figure 2.3.1.1 by the curly line.

A central conclusion of this study is therefore that there exist two independent
2+ . . . 2+ . .
Co -based pathways to excited-state charge separation in Co :ZnO, one involving

C02+ photoreduction (LvsMCT) and the other involving Co2+ photooxidation
(MLcpCT). Although the internal quantum efficiency of the latter is only ca. 25% that

of the former, it proceeds with photons ca. 1 eV lower in energy and is sensitized by

the strongly absorbing 4A2—> 4T1(P) ligand field absorption at the low-energy end of
the photocurrent action spectrum. From the perspective of solar energy conversion,

therefore, ligand field sensitization of the MLcgCT excited state is responsible for the

2
majority of the Co +:ZnO photoreactivity. Importantly, both CT excitations are able to

drive the formation of H, from H,O at Pt counter electrodes in photoelectrochemical

. 2 . . . .
cell conﬁguratlons.[ : Indeed, examination of transient photoelectrochemical potentials
found no significant wavelength dependence following initial charge separation, with

similar open-circuit recombination kinetics and effective cell capacitances for

ultraviolet and visible excitation energies.[45]

We now address the origin of the different photocurrent IQEs for the two CT
processes. Although the absolute photocurrent IQE was found to depend on the
method of cell preparation (see Chapter 2 Section 2.3.2), the ratio of the photocurrent

IQEs for the two CT transitions appears to remain a constant for all of the cells
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investigated, despite rather dramatic changes in surface chemistry. This constant ratio
implies that the relative photocurrent IQEs for LygMCT and MLgCT excitations
result from relative branching ratios for charge separation in the respective CT excited
states rather than from different probabilities of carrier trapping at the semiconductor
surfaces.

In each CT excitation, the transient bound carriers must escape for

photocurrent to be detected. Since the photovoltaic devices are regenerative and since

neither Co+ nor Co3+ has been detected in irradiated C02+:Zn0,[44] excited states
leading to detectable photocurrents must generate both electrons and holes at the
nanocrystal surfaces. The experimental ratio of photocurrent IQEs (IQE25000/IQE30000
~ 4 from Figure 2.3.2(b)) suggests that the carriers generated by LygMCT excitation
are ~4 times more likely to escape than are those generated with MLcgCT excitation.
We attribute the difference in photocurrent IQEs between MLcgCT and LygMCT
excited states to differences in the wave functions of these two excited states. The

MLcgCT and LygMCT excited states have configurations formally analogous to deep

. 46 eqs . .
donor and acceptor states, respectlvely,[ : and the probability of carrier escape is
governed by the localization of these carrier wave functions at the cobalt ions. The
limiting carrier in the photocurrent measurement is the one placed on the cobalt center

upon photoexcitation. In a configuration interaction (CI) model, the energy difference

o o 47
between the CT and excitonic states (4, B, and C IS excitonic states,[ ] treated

together here) regulates the mixing between localized (bound) and delocalized
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configurations and therefore determines the effective Bohr radius of the limiting

carrier. The three relevant configurations are

v, (L MCT): (C0+ +h;3) Eqn. [2.3.1.5(2)]

. 3+ -
v, (ML, CT): (Co™ +e,) Eqn. [2.3.1.5(b)]

. . N, 2+ - +
v, (excztOnZC)- (CO tecp +hVB) Eqn. [2.3.1.5(c)]

and the CI wave functions for the two CT excited states in the perturbation limit are
therefore

v, =W, +cy, Eqn. [2.3.1.6(2)]

W, =W, + oy, Eqn. [2.3.1.6(b)]

where ¢ = H,3/AE, 3.

-1
The relatively small energetic difference (AE;3 ~ 3000 cm , Figure 2.3.2)
between the LygsMCT state and the excitonic states leads to extensive mixing of the

two, imparting partial excitonic character to the LygMCT state, and resulting in a
+
relatively small binding energy for the photogenerated carriers (i.e., Co is arelatively
, 15 : g
shallow donor in ZnO[ }). Conversely, the substantially greater energetic difference

(AE>3 ~ 12000 cmnl, Figure 2.3.2) between the MLcgCT excited state and the

excitonic states does not allow for extensive mixing of the two, meaning the limiting

photogenerated carrier in the MLcpCT state is strongly bound to the cobalt (i.e., Co’’

is a deep acceptor), favoring charge recombination over carrier escape. Although not
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. [44] o, .
detected spectroscopically, = Co in ZnO has been predicted by cluster model

calculations to be relatively stable.[48] Assuming that the binding energy is inversely
proportional to the CI mixing between the CT and excitonic states, the ratio of
localization energies for the last bound charge carriers in the two CT states in
C02+:Zn0 may be estimated as (AE,3/AE; ;) = (12000 cm~1/3000 cm-l) = 4, which is
on the same order of magnitude as the ratio of photocurrent IQEs measured for these
two excited states (also ~4, Figure 2.3.2(b)), suggesting H;; and Hp; matrix elements
are of similar magnitude. Notably, the IQEs of both CT states are smaller than that for
excitonic excitation in pure ZnO (Figure 2.3.2(b)), consistent with the attribution of
carrier generation to a relatively small admixture of excitonic character into the CT
wave functions.

The difference in CI mixing is also manifested in the different absorption
oscillator strengths for the two CT excitations. Calculations have shown that the

oscillator strengths of dopant/semiconductor CT transitions are vanishingly small in
the limit of delocalized (band)— localized (TM”+) or localized (TMH)—a delocalized

(band) due to the vanishing donor-acceptor orbital overlap.[31’49] More generally,
theoretical and experimental investigations have shown that donor-acceptor CT
oscillator strengths are closely related to the square of the perturbation coefficient, c,
describing mixing of the donor and acceptor wave functions.[so] In the limit in which
all dopant-semiconductor CT absorption intensity is borrowed by CI with the excitonic

excited states, the oscillator strength for the CT transition becomes



42

2
E.,| H
f z—C—T{:—:’—] A Eqn. [2.3.1.7]
cr E !En’:; E

Ex

Approximating Hy3 = H,3 and estimating the transition threshold energies from
-1 - -
Figure 2.3.2 (Bucr = 14000 cm’, Epyer = 23000 cm’”, Egx = 26000 om’), the ratio of

CT oscillator strengths in C02+:Zn0 is estimated from Eqn. 2.3.1.7 to be Svrer/fimer &
0.038. The precise experimental ratio is not accessible because (1) the CT bands
overlap other absorption bands, (ii) the band shapes of the two CT transitions are not
known, and (iii) the very small intensity of the MLcgCT transition makes it difficult to
identify at most energies. Nevertheless, the ratio of oscillator strengths predicted
above is very close to the ratio of the absorbances of these two CT transitions
measured at cryogenic temperatures on the same sample as used for Figure 2.3.2(c):
A19700cm'1/./1250000m'1 ~ 0.017. The greater absorption intensity of the LygMCT transition
in Figure 2.3.2 is therefore direct experimental evidence for greater hybridization of

the LvgMCT excited state with the excitonic states relative to the MLcgCT excited
: 2 . . . .
state in Co :ZnO. The relatively large molar absorption coefficient determined

4 - -1
recently for the MLcgCT transition in Mn2+:ZnO (¢,» *950M cm 1 at 24000 cm

and 300 K),[Zl] which also occurs very near the fundamental bandgap energy of ZnO,
supports this interpretation of the CT intensity origins and specifically supports the
tacit assertion that the intensity differences do not arise from intrinsic differences in
Hy3 due, for example, to potential symmetry restrictions. Furthermore, the excellent

agreement between experimental CT absorption intensities and the trends predicted
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based on the above CI model lends credence to the conclusion that CI contributions to
the excited-state wave functions dominate the photocurrent IQEs of the same CT
transitions.

To quantify the mixing coefficients, ¢, the experimental oscillator strength for
the MLcgCT transition was estimated from the low-temperature absorption spectrum.
Accurate determination of the experimental MLcgCT oscillator strength is
complicated by the low MLcgCT absorption intensity and the presence of other

overlapping absorption bands. Assuming constant MLcgCT absorption intensity
between 14000 and 23000 + 1000 crn-1 equal to that observed at 19700 cm-1 yields an

estimated MLcgCT oscillator strength of (1.05 =+ 0.05)><10_3. From this oscillator

strength, Eqn. 2.3.1.7, and the summed oscillator strengths of the nearly degenerate 4,

B, and C 1§ excitons of ZnO (fgy = 1.06),[47] the mixing coefficient (c in Eqn. 2.3.1.6)
is estimated to be 0.043 + 0.003 for the MLcgCT excited state and 0.17 = 0.01 for the
LveMCT excited state. Within the approximations of Eqn. 2.3.1.7 and the limitations
in determining the MLcgCT oscillator strength with accuracy, the MLcgCT
excited-state wave function is thus estimated to have ~4-5% excitonic character,
whereas the LypMCT excited-state wave function is estimated to have ~16-18%
excitonic character and a correspondingly larger effective Bohr radius. The Bohr radii
of the last bound carriers governs the efficiencies of charge hopping to the nanocrystal
surfaces for the two CT excited states.[su Using Eqn. 2.3.1.8[51’32] and the electron and

hole effective masses in ZnO, the effective Bohr radii for the limiting carriers in the
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LvsMCT and MLcgCT excited states of C02+:Zn0 are estimated to be 0.65 and 0.24

nm, respectively. These dimensions are smaller than but on the same length scale as

the mean C02+-Co2+ separation in 3% C02+:Zn0 (ca. 0.92 nm).

L — Eqn. [2.3.1.8]

In summary, we conclude that the greater photocurrent IQE of the C02+:ZnO
photoanode following LysgMCT excitation relative to MLgCT excitation is
attributable to a 4-fold greater excitonic character of the LyveMCT excited state wave
function. Because this configuration interaction is diminished by increased energetic
separation from the excitonic levels, this analysis suggests that sensitization of wide
bandgap oxide semiconductors by substitutional dopants will also diminish rapidly as
CT energies are tuned away from the fundamental absorption edge of the host
semiconductor, perhaps providing an intrinsic limitation to the potential for highly

efficient visible light sensitization by substitutional dopants.

2.3.2 General Factors Contributing to C02+.'Zn0 Photovoltaic Cell Performance

The major differences among the various cells examined are not found in the
wavelength dependence of the photoresponse, but rather in overall efficiencies. As
described above, the similar photocurrent action profiles for all of the films studied,
independent of surface chemistry or film porosity, argue against surface effects
playing any significant role in the initial photophysical events behind the responses of

these cells. The differences in overall efficiencies of the different photovoltaic cells
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) . 2 .
are attributed to the different Co +:ZnO electrode microstructures and surface

. . .. - +
chemistries, which combine to govern the competition between slow surface e -k

recombination and electrolyte diffusion kinetics. In this section we describe briefly

. 2+ . .
two practical aspects of Co :ZnO photovoltaic cell construction that were found to

influence cell performances significantly.
. , 2+
In general, the resistances of the nanocrystalline Co~ :ZnO electrodes were

very high, often beyond the upper limit of our detection capabilities (>109 Q). Such
high resistances favor recombination and other quenching processes that reduce

successful capture of photogenerated carriers at the contact electrodes. Measurements

of C02+:Zn0 electrode short-circuit dark-current and photocurrent responses under an
applied bias (Figure 2.3.4) revealed that the film resistances were extremely sensitive
to atmospheric changes. Large increases in current were observed upon exposure to
vapors of protic molecules (H,0, CH30H) or air when compared to aprotic molecules
(pentane, toluene) or vacuum, suggesting that the film conductivities are dominated by

a surface hopping transport mechanism in which protons are the relevant charge

52,53 : e . : .
(5253 Such a high sensitivity to surface chemistry has precedence in studies of

carriers.
. . [54,55] . .
gas sensing nanocrystalline ZnO electrodes. The importance of surface hopping

conductivity may be responsible for the low IPCE values of C02+:Zn0(amine) films

(Figure 2.3.3), since the amine capping process has previously been found to passivate

: . . . 17
Zn0 nanocrystal surface defects, in particular removing surface hydrox1des.[ ) These
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results suggest that poor macroscopic conductivities may limit the overall
performances of these nanocrystalline C02+:Zn0 photovoltaic cells, and that
improvements in this direction may be possible.

To test the influence of film resistance on photovoltaic cell performance,

2 . .
Co +:ZnO nanocrystalline electrodes were heated under vacuum at 773 K in the

presence of Sn metal. This procedure reduced their resistance by over 3 orders of
magnitude (from 109 to 106 ) relative to films annealed aerobically, dependent upon

the duration of vacuum annealing (Table 2.3.1). Although it is possible that Sn2+ may

. e . . 15,56
occupy ZnO interstitial sites as shallow donor defects analogous to interstitial Zn,[ )

the low vapor pressure of Sn metal (5><10-11 Torr at 773 K) argues against this
interpretation of the resistance change. Instead, we attribute the reduced resistivities of
these films to the formation of oxygen vacancies, a common n-type defect in ZnO,
facilitated by the oxygen getting capacity of Sn metal. Decreasing the film resistance
did generally enhance the overall cell performance, but somewhat surprisingly, the
best photovoltaic performance was not observed for the film with the lowest resistance

(Table 2.3.1). Nevertheless, these experiments clearly demonstrate that the overall
performance of the C02+:ZnO photovoltaic cells is to some extent limited by the poor
macroscopic conductivity of the photoanode. Since Co2+ doping itself is responsible

. 2+ 2+ ,
for part of the reduced conductivity of Co™ :ZnO, the Co concentration must be

adjusted to balance high optical densities with high conductivities, and this balance
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. : : 2+ [2,7,8,45
contributes to the photocatalysis maximum observed at ca. 3% Co .[ :

In addition to conductivity limitations, these photovoltaic cells are expected to

be limited by relatively slow electrolyte diffusion throughout the porous network of

2 2+ . .
Co +:ZnO nanocrystals. In these Co :ZnO nanocrystalline photovoltaic cells,
migration of photogenerated carriers to the crystallite surfaces is substantially more

rapid than diffusion of the redox-active electrolytes throughout the porous electrode.
For the I/1; electrolyte, I is present in large excess (9:1 1:13 ) and the current-limiting

R ) B . .
redox species is I Pl s therefore reasonable to hypothesize that the photovoltaic

properties of these cells could be improved by making the films more porous.m The

C02+:ZnO(OH-) and C02+:ZnO(OH--Sn) cells were indeed improved when the films
were prepared by addition of 85 = 5 nm diameter polystyrene spheres to the colloid

suspension used for spin-coat processing (Table 2.3.1). SEM images of films prepared

with and without added PS (Figure 2.3.1) show average C02+:Zn0 grain diameters of
only ~20-50 nm in both films, but the film prepared with added PS is substantially less

dense. We conclude that diffusion of electrolyte into the nanoporous network of
C02+:ZnO has been facilitated by the increased film porosity, and that the improved

photovoltaic cell performance is due to the improved mobility of Iy throughout the
photoanode. These results demonstrate that, in addition to film conductivity,
electrolyte diffusion is a limiting factor in the performance of these photovoltaic cells

and an area where further improvements could likely be made.
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2.4 Conclusion
Electronic absorption, magnetic circular dichroism, and photocurrent action

spectroscopic measurements have been used to investigate the electronic structural

. 2+ . . . .
properties of Co :ZnO that give rise to macroscopic charge separation when the
material is excited with photons in the visible energy range. From analysis of the
spectroscopic results, two sub-bandgap CT transitions have been identified and shown

to be responsible for photoinduced charge separation. The lower energy CT transition

extends down to ca. 14000 cm-1 and 1is assigned as a MLcgCT excitation on the basis
of an optical electronegativity analysis. This transition, long postulated to exist in this
energy range, is observed directly for the first time using MCD spectroscopy. To
higher energy, a more intense LygMCT transition is detected using MCD
spectroscopy. Relative to MLcgCT excitation, LygMCT excitation yields a 4-fold
increase in photocurrent IQE, an increase attributed to greater configuration
interaction between this excited state and the /S excitonic excited states of ZnO. From

this analysis, we conclude that the two CT excited states differ substantially, with the

MLcpCT excited state best described as a localized Co3+ + ey configuration and the
LveMCT excited state (Co++ h;,) having a 4-fold greater admixture of delocalized

.. 2+ - . . . .
excitonic (Co + Ay + ez, ) character in its wave function. Quantitative analysis of

the CT absorption intensities supports this interpretation and suggests admixtures of
~4 and ~17% excitonic character in the MLcgCT and LygMCT excited states,

respectively.
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The importance of the electronic structural information obtained from these

spectroscopic and photoelectrochemical measurements is not limited to improving our

2
understanding of the photophysical properties of Co +:ZnO, but relates broadly to the
general physical properties of doped oxide semiconductors. Of particular interest to

our laboratories is the high Curie temperature ferromagnetism reported recently in

.. . ) ) 13,14
transition metal doped ZnO, TiO,, SnO,, and related oxide semlconductors,[ ]

including specifically C02+:Zn0.[15-20] Theoretical models of this magnetism have

suggested that ferromagnetic ordering is stabilized by exchange interactions between

. . . [16,17,58,59
the magnetic dopants and additional free or defect-bound charge carriers. :

These exchange interactions may be parameterized as configuration interactions
involving CT excited states. To understand the microscopic origins of ferromagnetism
in doped oxide semiconductors, it is therefore imperative to have a detailed
fundamental understanding of the CT electronic structures of these materials. A

detailed description of CT contributions to the magnetism of doped ZnO

. . . 60
semiconductors will be presented in Chapter 3.[ ]

In addition to fundamental electronic structural studies, various practical
2+ . . . .
aspects of Co :ZnO regenerative photovoltaic cell construction have been examined.

.. . . 2+
The conductivity and the porosity of the nanocrystalline Co :ZnO electrodes were
both found to influence the overall performances of the regenerative photovoltaic
cells. Although steps were taken to demonstrate improvement in cell efficiencies by

addressing these two factors, the cells described here have not been fully optimized
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and continued improvement may be possible with further attention to these two
parameters. These two parameters are in some ways specific to this particular

application, however, and may not be important for other applications such as the use

of colloidal C02+:ZnO nanocrystals as photoredox catalysts.
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Chapter 3: Correlation Between the Electronic Structures
and Polarity-Dependent High-7 Ferromagnetism in
Oxide-Diluted Magnetic Semiconductors

Future spin-based electronics (spintronics) technologies based on diluted
magnetic semiconductors (DMSs) will rely heavily on a sound understanding of the
microscopic origins of ferromagnetism in such materials. Discoveries of room
temperature ferromagnetism in wide bandgap DMSs hold great promise, however, the
origin of this ferromagnetism remains poorly understood. In this chapter, a

relationship between the electronic structures and polarity-dependent high-T¢
2
ferromagnetism of 3d transition metal ions doped ZnO (TM +:ZnO) DMSs is

demonstrated. The trends in ferromagnetism across the 3d series of TM2+:ZnO DMSs
predicted from the energies of donor- and acceptor-type excited states reproduce the
experimental trends well. The results presented in this chapter provide a unified basis
for understanding both n- and p-type ferromagnetic oxide DMSs. The contents of this
chapter are results from a collaborative effort with Dr. Kevin R. Kittilstved

(University of Washington).

3.1 Introduction
Diluted magnetic semiconductors (DMSs) are attracting intense interest for
potential new device applications in spin-based information-processing technologies.

For practical spintronics applications, ferromagnetic DMSs with Curie temperatures

. . . . .. 2]
(Tc) greatly exceeding room temperature will be required. Theoretical predictions
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of high-Tc ferromagnetism in DMSs of GaN and ZnO stimulated efforts to develop

these and related wide bandgap materials.m In many regards, ZnO is the archetypical
wide bandgap semiconductor. Compared with other oxides that have been invest‘igated
as DMSs (for example, TiO, and SnO,), ZnO is relatively well behaved from an
experimental point of view, affording the possibility for extensive systematic
experimentation and data analysis. Well defined doping and defect chemistries,
suitability for transparent high-power high-temperature applications, and the ability to

lase or emit spontaneously at ultraviolet wavelengths combine to make ZnO attractive
. . . [4] . . D .
for many potential device applications.  For spintronics applications, the relatively

. . . [3]
long room-temperature spin-coherence time of n-type ZnO is advantageous.

Additionally, the potential to generate both p-and n-type ZnO of low resistivity makes

6-9
bipolar spintronics based on ZnO a realistic possibility, and reports of both hole-[ :

and electron-mediated[lo-m ferromagnetism in ZnO DMSs are encouraging in this
regard. The microscopic origins of this high-T¢ ferromagnetism, however, remain
poorly understood. A detailed understanding of high-T¢ ferromagnetism in wide
bandgap DMSs is required to harness functionality for device applications. The

development of such an understanding has emerged as one of the most important

, . [13,14]
challenges in modern magnetism.

In this chapter, we demonstrate that ferromagnetism in ZnO DMSs is
intimately related to the electronic structures of the magnetic impurity ions. Electronic

absorption, magnetic circular dichroism (MCD), and photocurrent action
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spectroscopies are used to identify and assign dopant-derived donor- and

acceptor-type ionization excited states, and to analyze the properties of these states
2
related to carrier-mediated ferromagnetism. The opposite polarities predicted[ ] and
6] _ 2+ 2+
observed ~ for ferromagnetic Co :ZnO (n-type) and Mn :ZnO (p-type) are of
particular interest. From experimentally calibrated excited-state energies and
configuration interaction considerations, trends in ferromagnetism across the 3d series
2+
of n-and p-type TM :ZnO DMSs are predicted and compared to experimental results.

The predicted trends reproduce experimental trends remarkably well, confirming the

role of donor and acceptor excited-state configurations in the ferromagnetism of

2
™ +:ZnO DMSs and, by extension, wide bandgap DMSs as a class.

3.2 Experimental

Alkyl-capped (Alkyl = trioctylphosphine oxide or dodecylamine) colloidal

TM2+:ZnO (TM2+ = C02+, Mn2+) nanocrystals were synthesized as described

previously in Chapter 2. Manganese acetate tetrahydrate (Mn(OAc),-4H,0, 99.999%,

Strem Chemicals Inc.) was used for the synthesis of Mn2+:ZnO. The colloidal
2+ 2+ 2+ 2+

Mn :ZnO (up to 2% Mn ) and Co :ZnO (up to 3.5% Co ) nanocrystals were used

to fabricate poly-nanocrystalline films on quartz substrates for magneticm

measurements and on transparent indium tin oxide substrates for photovoltaic

measurements as described previously in Chapter 2. The dopant concentrations were

determined by inductively coupled plasma-atomic emission spectrometry (Jarrel Ash
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model 995). Electronic absorption spectra were collected using a Cary S5E
spectrophotometer ~ (Varian). MCD  spectra were collected using an
ultraviolet/visible/near-infrared spectrophotometer constructed from an Aviv 40DS
with a sample compartment modified to house a high-field superconducting
magneto-optical cryostat mounted in the Faraday configuration. MCD intensities were
measured as the absorbance difference A4 = 4; —Ax (where L and R refer to left- and
right-circularly-polarized photons) and are reported as 6(deg) = (32.9 A4)/A. Magnetic
susceptibility measurements were carried out using a Quantum Design MPMS-5S
SQUID magnetometer. The net diamagnetic background was subtracted from the raw
magnetization data (see the Appendix A). Photocurrent action spectra were measured
using a piAutolab Type II potentiostat (Eco Chemie B.V.) integrated with the Aviv

40DS spectropolarimeter and converted to internal quantum efficiency (IQE).

3.3 Results and Discussion

2
3.3.1 Experimental Trends in TM +:ZnO Dilute Magnetic Semiconductor
Ferromagnetism

2 3
Several groups have reported ferromagnetism in TM +:ZnO DMSs.[] To

minimize potential sources of experimental error, some groups have compared
2+
different TM :ZnO DMSs prepared under identical conditions. Ueda et al. examined
. 2+ 2+ 2+ 2+ 2+ 2+
a series of n-type TM :ZnO (TM =Co , Mn , Cr , and Ni ) films prepared by
PR L - . ) 2+
pulsed laser deposition. ~ High-7¢ ferromagnetism was only observed in Co -doped

i 12,14]
films and not in any of the others. Venkatesan and collaborators[ prepared a
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broader series of n-type ZnO DMSs by pulsed laser deposition and observed two
2 7
maxima in the 300 K ferromagnetic saturation moments, one at Co +:ZnO (d ') and the

2 3 2
other at V' :ZnO (d). Mn ".7n0 (ds) showed little or no ferromagnetism under the

sample preparation conditions of either laboratory. Kittilstved et al. observed the same
. . 2+ 2+ . Cg .
trend in natively n-type Co :ZnO and Mn :ZnO prepared using an oxidative direct

. . . . [6
chemical route that unambiguously precluded formation of metal precipitates. : The
chemical approach also allowed investigation of the influence of nitrogen, a p-type

dopant in ZnO. When nitrogen was introduced during materials preparation,

2+ . 2+ 16,9,16]
Mn :ZnO showed strong ferromagnetism, whereas Co :ZnO showed none.

When plotted in table format as in Figure 3.3.1.1, the opposite carrier polarities of

2 2
ferromagnetic Co +:ZnO and Mn +:ZnO become strikingly apparent. This

polarity-dependent ferromagnetism is shown below to derive from specific electronic

2+ 2+
structural properties of the Co  and Mn  ions in the ZnO host semiconductor.
The experimental trends described above and in Figure 3.3.1.1 are in general

agreement with most theoretical predictions, despite the use of a variety of different

12,14,17,18 o
theoretical models.[ ] A key property common to all of the models describing

ZnO-DMS ferromagnetism is strong electronic coupling between the magnetic ions
2+
and charge carriers at the Fermi level. As isovalent TM doping of ZnO does not

2+
itself introduce carriers, carriers in TM :ZnQO DMSs are associated with additional

shallow donor or acceptor defects. The dopant-carrier exchange energy is
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. . [1,14,19] . .
parameterized variously as Jy, Jpa, Noa, or Nof depending on the specific

interaction and model under consideration. Microscopically, these exchange-coupling
parameters account for partial carrier delocalization onto the magnetic dopant. In a

configuration interaction picture, this implies mixing between the relevant localized

chemical polarity
p-type n-type
(b) P

an’:ZnO

- (c) (d) -4

Co":Zn0
o
(.00 0w

3240123 3240123
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Figure 3.3.1.1. 300 K magnetization data for 0.2% Mn2+:ZnO and 3.5% C02+:ZnO
polycrystalline thin films prepared by direct chemical synthesis with or without

addition of nitrogen. (a) 0.2% Mn2+:Z%O with added nitrogen, (b) 0.2% Mn’ :ZnO

witzhout added nitrogen, (¢) 3.5% Co :ZnO with added nitrogen, and (d) 3.5%
+

Co :ZnO without added nitrogen.

and charge-separated electronic configurations of the magnetic impurity ion. The
2 2
striking differences between Co +:ZnO and Mn" :ZnO in Figure 3.3.1.1 indicate that

2+
TM  electronic structures must regulate the abilities of holes and electrons to

delocalize onto these dopants. Specifically, the data in Figure 3.3.1.1 suggest that the
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resonances described by Eqns. 3.3.1.1(a) and 3.3.1.1(b) are relevant, whereas those of

Eqns. 3.3.1.1(c) and 3.3.1.1(d) are not.

Co* +e,, <> Co* Eqn. [3.3.1.1(a)]
Mn** + by, e <> M Eqn. [3.3.1.1(b)]
Co™ + By #5 CO™ Eqn. [3.3.1.1(c)]

Mn* +e, 5 Mn' Eqn. [3.3.1.1(d)]

The forward direction in Eqn. 3.3.1.1(a) describes the formal transfer of a shallow

2
donor’s electron (e;onor) onto Co  to form Co+, whereas in Eqn. 3.3.1.1(b) it

2 3
describes the transfer of a shallow acceptor’s hole (h* ) onto Mn i to form Mn +.

acceptor

The reverse directions describe formal donor- and acceptor-type ionization processes

3
of the one-electron reduced (Co+) or oxidized (Mn +) magnetic dopants. As equilibria,
Eqns. 3.3.1.1(a) and 3.3.1.1(b) thus describe dopant-donor/acceptor hybridization.
This hybridization is the pivotal feature determining Tc in theoretical models

describing DMS ferromagnetism. In the spin-split donor impurity-band model for
14

n-type ferromagnetic DMSs,[ : a phenomenological dopant effective radius scaling

parameter (rfﬁ /r, )3 was introduced to account for hybridization enhancement of the

s—d exchange parameter (Jyz) required to increase the predicted ¢ from 1 to ~500 K.

The actual extent of hybridization was small, and 1-2% electron transfer to the dopant

. . 14] . . .
was considered sufﬁcwnt,[ that is, the ground state lies far to the left in Eqgn.
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3.3.1.1(a), a conclusion consistent with ferromagnetic X-ray MCD data showing a

. - 2+, (201 . . .
multiplet structure characteristic of tetrahedral Co in ZnO . Similarly, in the Zener

model description of p-type ferromagnetic DMSs, the high Tt predicted for p-type
2 1
Mn +:ZnO is derived from its large p—d exchange parameter[ ](NOB), the magnitude of
19
which is determined primarily by p-d hybridization.[ ] Ab initio local spin-density
. : . . 21718
approximation of the density-functional theory (LSDA-DFT) calculations have
2
predicted ferromagnetism in p-type Mn +:ZnO that results from partial delocalization

2+
of h’ onto Mn , which imparts manganese 3d character at the Fermi level, but

acceptor

2+
€m0 did not delocalize onto Mn  and consequently no ferromagnetism was predicted

2 2
for n-type Mn +:ZnO[ ]. To understand the resonances described by Eqn. 3.3.1.1, and
to develop a comprehensive model that describes both n- and p-type high-T¢
ferromagnetic ZnO DMSs, it is imperative to understand the dopant-derived

donor- and acceptor-type ionization processes of these DMSs.

3.3.2 Excited States and Electronic Structures

2+ 2+
The sub-bandgap electronic excited states of Co :ZnO and Mn :ZnO were
investigated using optical spectroscopic and photoelectrochemical probes. Figure
3.32.1 shows electronic absorption spectra, photocurrent internal quantum

21 2 2
efﬁciencies[ : (IQEs), and MCD spectra of paramagnetic Co +:ZnO and Mn +:ZnO.

The intense absorption and MCD feature at ~28000 cm_1 in both DMSs arises from
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the first excitonic configuration of ZnO at the band edge. The structured intensity of

2 -1
Co +:ZnO centered at 16000 cm in Figure 3.3.2.1(a),(c) is the spin-orbit split

4 4 : 2+ oo ) ) [22,23]
A,— Ty(P) ligand field band of Co  doped substitutionally into wurtzite ZnO.

Co%*:Zn0 Mn2*:Zn0

(a) - AT
o) IE(CO )= 100M* em? [ &™) = 1000 M om”
oy
3]
£
2
<

+200 +200

(b) (e)
B -
m S\ 2 5
S 2\ = J

-~ =

8
=

28 24 20 16 28 24 20 16
Energy (x10° cm™)

Figure 3.3.2.1. Electronic absorption, photocurrent IQE, and MCD spectroscopic data

for C02+:ZnO and Mn2+:ZnO. (a) and (d) 300 K electronic absorption spectra. (b) and
(e) Photocurrent IQEs of photovoltaic cells. (¢) and (f) Variable-field 5 K MCD
spectra. The insets show MCD saturation magnetization data measured at the energies
marked, superimposed on S = ¥ and S = % Brillouin curves. Data in parts (b), (c),

and (f) are from refs. [21], [23] and [9], respectively.
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As discussed in Chapter 2, the two additional sub-bandgap features observed in the

2
MCD and photocurrent action spectra of Co +:ZnO (Figures 3.3.2.1(a)—(c)) are

assigned as LygsMCT and MLcgCT transitions for the higher energy (centered at

_l —_ -
~25000 cm ) and lower energy (from ~22000 cm 1 extending down to 14000 cm 1)

bands, respectively.

2
In the spectra of Mn +:ZnO (Figures 3.3.2.1(d)—(f)), only one sub-bandgap

absorption band is observed, a photoactive state having an associated pseudo-A term
-1

MCD signal centered at ~24000 cm . Again, applying Jorgensen’s optical
.. (24,25] .

electronegativity model (Eqn. 2.3.1.3 in Chapter 2), the LygMCT and MLcpCT

s 2+ 2+ -1 -1
transitions of Mn :ZnO (yop(Mn ) =1.45), B=596cm , C/B=6.5, Dg=420cm )
-1
are predicted to occur at ~49000 and 24000 cm , respectively, leading to assignment
9
of this band as the MLcgCT transition.[ : Its assignment to ligand field transitions is

; . -1
ruled out by its high molar extinction coefficient (¢, 950 M 1 cm 1 at 24000 cm
and 300 K, compared with E e N 1-10 M-1 cm_1 ~24850 cm_1 anticipated for the

9

4T1(G) ligand field excited state)[ ]. The very high energy predicted for the LygMCT
2 2

transition in Mn +:ZnO agrees with that estimated from analysis of Mn +:ZnO X-ray

26 -1
absorption data - (~62000 £ 12000 cm ).

Two key observations from Figure 3.3.2.1 pertain to the magnetism of these

2 2
ZnO DMSs: (i) both Co +:ZnO and Mn +:ZnO possess donor- or acceptor-type
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ionization states immediately below the ZnO band edge; (ii) the identities of the

ionization states at the band edge are different for C02+:Zn0 and Mn2+:ZnO, the
former being an LygMCT state and the latter being an MLcgCT state. As described
below, observation (i) relates to the existence of high-7¢ ferromagnetism mediated by
shallow donors or acceptors, whereas observation (ii) relates to the polarity of the
mediating charge carrier.

The spectroscopic data in Figure 3.3.2.1 also provide information about

. : . . [21,27-32] .
excited-state wavefunctions. As discussed previously and in Chapter 2,

donor- and acceptor-type ionization excited states in DMSs may be described as

excitons bound to the isoelectronic impurity in which either the electron (LvsMCT) or

2+
the hole (MLcgCT) is strongly localized at the TM  ion. The configuration interaction
wavefunctions describing these excited states in the perturbation limit are given by
[21,32] . .
Eqn. 3.3.2.1(d) , Where the mixing coefficient ¢, 3 = H,3/AE, 3, and H,3 and AE, 5
are the off-diagonal electronic coupling matrix element and the energy difference

between the relevant localized and delocalized configurations, respectively.

v, (LysMCT): TM ™ + i, Eqn. [3.3.2.1(a)]
¥, (MLGCT): TM™ + e, Eqn. [3.3.2.1(b)]
w, (excitonic): TM* +eZ, + i), Eqn. [3.3.2.1(c)]
W, =Y, +e,.W, Eqn. [3.3.2.1(d)]

2
Excited states leading to detectable photocurrents in the TM +:ZnO photovoltaic cells



66

must generate both electrons and holes at the electrode surfaces. Although the absolute
photocurrent IQEs depend on cell-engineering parametersm], the ratio of photocurrent
IQEs for the LygMCT and MLcgCT transitions in C02+:Zn0 (IQE2s000/TQE20000 =4
from Figure 3.3.2.1(b)) is due to the intrinsic branching ratios for charge separation in
the respective excited states, and reflects differences in mixing between localized
(Egns. 3.3.2.1(a) and 3.3.2.1(b)) and delocalized (Eqn. 3.3.2.1(c)) excited-state
configurations for the carrier transferred to the dopant upon excitation.

-1
The relatively small energetic difference (AE;; =2600 cm |, Figure 3.3.2.1)

2+
between the LygMCT and excitonic states in Co :ZnO imparts substantial excitonic
character to the LypMCT wavefunction, and reflects a relatively small binding energy

for the photogenerated bound electron, favoring carrier escape. Conversely, the greater

-1
energetic difference (AE»3 =~13400 cm , Figure 3.3.2.1) between the MLcgCT and
excitonic states does not allow extensive mixing of the two, so the photogenerated
hole is strongly bound to the cobalt and charge recombination is favored. The ratio of

localization energies for the last bound charge carriers in the LygMCT and MLgCT
excited states in C02+:ZnO (AE; 3/AE, 3 =5) is similar to the ratio of photocurrent IQEs
measured for these two excited states (~4, Figure 3.3.2.1(b)), and both IQEs are
smaller than that for excitonic excitation in pure ZnO, consistent with the attribution
of photocurrent to the admixture of v, into the LygpMCT and MLcgCT wavefunctions

described by Eqn. 3.3.2.1(d). Quantitative analysis of the transition oscillator strengths

yields estimated mixing coefficients ¢;3 = 0.17 = 0.01 and c23 = 0.043 = 0.003 for
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Co™":zn0"", and ¢35 = 0.19 = 0.03 for Mn"":ZnO.

The LyvgMCT and MLcgCT energies of dopants in unstable oxidation states
can be analyzed using Born thermodynamic cycles. Following McClure et al. [33], the
energy of a MLcgCT transition for TM2+ in ZnO as defined by Eqn. 2.3.1.2(b) in
Chapter 2 is given by Eqn. 3.3.2.2, where I3(TM) is the third ionization potential of the
dopant, A¥(site) = V3 — ¥, is the difference in total potential for TM3+ and TM2+ at the
Zn2+ crystal site, and x is the electron affinity of the semiconductor.

E

M¥LCT

=L(TM)-AV (site)-y Eqn. [3.3.2.2]

3
Similarly, the LyvgMCT energy involving the one-electron oxidized dopant (TM +) is

given by Eqn. 3.3.2.3, where Ej is the bandgap energy of the host crystal.

E, ooy = E, +AV (site)= I, (TM )+ x Eqn. [3.3.2.3]
. 2+ 3+ 2+
Concatenation of these two processes gives TM - TM +e;, »TM +eZ, + /),

which is identical to excitonic excitation (Eqn. 3.3.2.1(c)), and the sum of Eqns.

3.3.2.2 and 3.3.2.3 yields E +FE

werer T ep = E, - Corresponding relationships hold for

2+ + 2+
the reverse order of promotions, TM -TM + k), = TM + k), + e, for which

E +E E

wever TE e =Eg - By, and E are thus identical to AFE,3 and AE; 5 from

*LCT
Eqns. 3.3.2.1(a)-3.3.2.1(c), respectively. This model assumes that ez; and Ay, are far

from their sources in the LygMCT and MLcgCT excited states (Eqn. 2.3.1.2 in

Chapter 2), a condition that is never actually fulfilled. Although additional corrections
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should be considered, these corrections are small compared with the photon energies

under consideration and empirically the model accounts well for experimental

. [30,33] . . . . .
energies. From these identities and the spectroscopic data in Figure 3.3.2.1,

E and E

LOT ey can be deduced for cobalt and manganese in ZnO. From this
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Fig;lre 3.3.2.2. Schematic summary of the spectroscopic analysis for Co "~ and
+
Mn -doped ZnO DMSs. This shows the relationship between excited-state eznergies
+
and donor or acceptor energies derived from the Born cycle analysis. (a) Co :ZnO.

(b) Mn2+:ZnO. From this analysis, Co " should be a shallow donor and Mn " a shallow
acceptor in ZnO.



69

) + 2+ -1
analysis, the transition Co - Co +e, occurs at very low energy (AE, 3 =2600 cm )
. 3+ 2+ -1 . ,
as does the transition Mn —Mn +4,, (AE,3 =3400 cm ), whereas those involving

3 -1 + -1
Co i (AEz3 =13400 cm ) and Mn (AE;3 =~—21600 cm ) do not. This analysis is

summarized schematically in Figure 3.3.2.2 and numerically in Table 3.3.2.1.

Table 3.3.2.1. Donor or acceptor properties for one-electron reduced or oxidized
transition metal dopants in ZnO, estimated from Eqn. 3.3.3.2 and the data in Figure
3.3.2.1. The properties of commonly-invoked shallow donors and acceptors are
included for comparison.

Donor or Acceptor ~ Carrier Type E, (cm_l)* Ey (V)" g (nm) Ref.

Mn’":ZnO h* 3400 0.42 0.45  This work
Mn':ZnO e 21600  -2.68 024" This work
Co’:ZnO Rt 13400 1.66 0.23  This work
Co :ZnO e 2600 0.32 0.70  This work
No :ZnO B 1600 020 065 [4]
Zn;:Zn0 & 240 0.03 231 [34]

* From AE, 3 for transition metal dopants. * Unstable.

3.3.3 Electronic Structure and Ferromagnetism

In this section, we assume the basic framework of the spin-split donor
impurity-band model described in ref. [14] and focus on the key microscopic property
governing defect-mediated ferromagnetism in this model, namely hybridization
between the magnetic dopant and the defect so that carriers at the Fermi level are

partially delocalized onto the magnetic dopant (Eqn. 3.3.1.1, and accounted for in ref.



70
[14] using the scaling parameter (rfﬁ /ro )3 ). Although the model in ref. [14] was

developed exclusively for donor defects, the kernel of the model also applies to
acceptor defects as shown below. From perturbation theory, dopant-defect
hybridization is parameterized by the mixing coefficient, ¢pp (Eqn. 3.3.3.1). For
effective hybridization, the energy difference between dopant and defect levels

(AE,, ) must be small and the resonance integral (H,, ) must be large.

H DD
o0 = AR
DD

Eqn. [3.3.3.1]

To analyze AE,,, the thermodynamics of the four dopant-defect resonances described
by Eqns. 3.3.1.1(a)-3.3.1.1(d) are plotted in Figure 3.3.3.1 for commonly-invoked

. . » . [34
shallow donors and acceptors in ZnO (shallow donor: interstitial zinc : (Zn?),

4
shallow acceptor: substitutional nitrogen[ : (Né‘), see Table 3.3.2.1). These plots
expose cases where the dopant-defect resonance is approximately thermoneutral (that
is, where AE, is small). The major conclusion drawn from Figure 3.3.3.1 is that

dopant-defect hybridization maximizes when the one-electron-reduced (or oxidized)
dopant approaches a potential similar to that of the shallow donor (or acceptor). From

Figure 3.3.3.1 and Table 3.3.2.1, a near-thermoneutral dopant-defect resonance

2
involving shallow donor or acceptor defects can occur in p-type Mn +:ZnO ([AE DD] ~

2 2
0.22 eV) and n-type Co +:ZnO (|AEDD| ~(.27 €V), but not in n-type Mn +:ZnO (
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2
|AEDD[ = 2.7¢V) or p-type Co +:ZnO (]AEDD| =~ 1.7 V). The small AE,, values for

2 2
p-type Mn +:ZnO and n-type Co +:ZnO favor effective hybridization (Eqn. 3.3.3.1)

chemical polarity

p-type n-ype
(a) (b) Zn:Mn*:Zn0
N"Mn2:Zn0 + b4 /
Q / 27ev/
N H2eV D4 eV
&g )
Approximately M Zn0 + e
NE M2 Z00 e N M Zn0 #0038y v ®
Thermoneutrsd ) _ L o
Zn:Mn?:Zn0
(c) NCo?tZn0+ by (d)
w02ev 7 ZnfCo* Zn0 +e7q
o A
(o] 224 4
g N:Co™:Zn0 ATeV 40036V // \\03 &V
s / N
Q Approximately
\ ZniCo?*:Zn0 »Zni*:Co*:Zn0
N¥Co®*Zn0 Thermoneutral

Figure 3.3.3.1. Schematic summary of dopant—donor/acceptor resonance
thermodynamics determined from spectroscopic analysis and the binding energies of

common shallow donors (Zn,0 ) or acceptors (Nf,‘) in ZnO. The resulting values of
|AEDD[ are: (a) 0.22, (b) 2.7, (¢) 1.7, and (d) 0.27 eV. Resonance is approximately

thermoneutral only for p-type Mn2+:ZnO and n-type C02+:Zn0. A small |AE DD| favors
dopant—donor/acceptor hybridization (Eqn. 3.3.3.1). (Not drawn to scale).

and hence high-T¢ ferromagnetism, whereas the large AE,, values for n-type

2+ 2+
Mn :ZnO and p-type Co :ZnO limit hybridization and are not favorable for
ferromagnetism. The polarity conditions for ferromagnetism predicted by the
spectroscopic analysis are thus in agreement with the experimental magnetic results

summarized in Figure 3.3.1.1.
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The resonance integral of Eqn. 3.3.3.1 is proportional to the spatial overlap of

. [35,36] . .
dopant and defect wavefunctions which, for fixed concentrations of dopants and
defects across the transition metal series, in turn relates to the effective Bohr radii of

the limiting charge carriers on each center. Eqn. 3.3.3.2 allows effective Bohr radii for

n+ C i [28,32,37]
the TM and donor/acceptor species in Figure 3.3.3.1 to be estimated.
h
ry = —— Eqn. [3.3.3.2]
2m E,

In Eqn. 3.3.3.2, m" is the effective mass of the relevant carrier (in ZnO, m, =0.24m,

and m, =~0.45m,) and E, is the binding energy of the last bound carrier. Table 3.3.2.1
summarizes the relevant binding energies and Bohr radii. From the spectroscopic
analysis (Figure 3.3.2.2), Co+ is a shallow donor and Mn3+ a shallow acceptor in ZnO,
with carrier binding energies E, ~AE, ;, whereas Co3+ and Mn_ are both energetically
misaligned with the band structure of ZnO. The Bohr radii for MnJr and Co3+ are both
substantially smaller than those of Co+, Zn}, Mn or N2 . Experimental confirmation
of this comparison is obtained from the photocurrent IQEs of Figure 3.3.2.1(b), which
show that e” hopping is considerably more favorable than 4* hopping in photoexcited

2
Co +:ZnO. Dopant-donor/acceptor hybridization is thus favored by energetic
proximity of both to the appropriate band edge of the host semiconductor. In general,
although deeper donors or acceptors may be suitable for thermoneutral resonance with

deeper magnetic dopants, their smaller Bohr radii would require correspondingly
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increased dopant and defect concentrations to achieve sufficient overlap, at which
point short-range antiferromagnetic superexchange interactions may become
problematic.

To test the broader applicability of this spectroscopic analysis for

understanding the magnetic properties of ZnO DMSs, trends in ¢y, Were investigated.

For ZnO DMSs prepared under identical conditions, the major changes in ¢, across
2+
the series of 3d TM  ions occur in the energy denominator, AE, . LygpMCT and

2
MLcgCT energies for the 3d TM i series in ZnO were calculated from Pauling

electronegativities and literature ligand field parameters using Eqn. 2.3.1.3 (see

2
Appendix A). Eqn. 2.3.1.3 predicts substantial negative MLcsCT energies for Sc i and

2+ . . . iy . cq 2t
Ti in ZnO, consistent with the instability of these ions to spontaneous oxidation. Ti

2+
and Sc  are therefore not considered in subsequent analyses.

Figure 3.3.3.2 compares the results of this analysis with available experimental
and theoretical magnetic data across the same series. To retain generality, |1/AE, 5| is

plotted rather than [1/AE,, |, but both yield identical trends for fixed shallow defects.
The predicted trends are in excellent overall agreement with the experimental

12,15 i o
data[ ], particularly considering the crudeness of the LysMCT and MLcgCT energy
calculations from Eqn. 2.3.1.3 and the potential experimental uncertainties. The

predicted trends are also in excellent agreement with available LSDA-DFT results

.12 . . .
across the series. This agreement is a very strong confirmation that
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dopant- donor/acceptor hybridization (that is, exchange mediated by shallow bound

carriers) is responsible for ferromagnetism in ZnO DMSs. Of the three factors from

(@) n-type
PR 1.0
5 Ly £
o | CTanalysis i =
E T~ 5
] 5;»’ ' 0.5 N’)’
Lﬁ 2 ! 2
s . {2 ~
4"+‘ y r k A
+° : : '
“ q° ) A
0 pasngd S0
(b) p-type
31 Experimental | } 1.0
~ - .
§ \\ @ T :§
Yo 29 \'\ | LSDA-DFT =
5 3 ,M,_W@N . > ~
u_?\i -0.5 N
21 ke)
) S W - W S—
(S¢) () V C Mn Fe Co N Cu
TM?*-doped ZnO

2+
Figure 3.3.3.2. Results of LygMCT and MLcgCT analysis for the series of TM  :ZnO

DMSs. Calculated trend (@) for (a) n-type polarity and (b) p-type polarity. LygMCT
and MLcgCT energies were calculated using Eqn. 2.3.1.3 and are plotted as |1/AE, 3|
(left abscissa). Experimental magnetic data are from ref. [15] (@), ref. [12] (+), and

from Figure 3.3.1.1 (X). Ab initio LSDA-DFT results are from ref. [2] (#). For
comparison purposes, each literature data set is plotted normalized to the values for

Co :ZnO in (a) and Mn2+:ZnO in (b) that were reported for the same data set (right
abscissa). Sc and Ti are anticipated to be in the 3+ oxidation state and were therefore
not included in the analysis.
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Eqn. 2.3.1.3 (electronegativities, spin-pairing energies, and ligand field splittings),

spin-pairing energies are primarily responsible for the positions of the maxima and

minima in Figure 3.3.3.2. A comprehensive model of both hole- and electron-mediated

ferromagnetism in ZnO DMSs therefore must account for Coulomb and
electron-electron exchange interactions of the 3d ions.

The scenario suggested by this spectroscopic analysis is essentially consistent

with the spin-split donor impurity-band model described in ref. [14]. The
2

spectroscopic results demonstrate that Co i ions can hybridize effectively with

shallow-donor impurity bands in ZnO because Co+ is also a relatively shallow donor

in this lattice, making the C02+-donor resonance approximately thermoneutral (Figure
3.3.3.1(d), Eqn. 3.3.3.1). Although the donor impurity-band model considered
exclusively n-type materials, the mechanics of the model are sufficiently general such
that it is readily extended to accommodate ferromagnetism involving acceptor

impurity bands as well. For this scenario, the spectroscopic results demonstrate that

2
Mn can hybridize effectively with shallow-acceptor impurity bands in ZnO because

Mn3+ is also a relatively shallow acceptor in this lattice (Figure 3.3.3.1(a), Eqn.

3.33.1). In both scenarios, strong dopant-defect hybridization favors high-T¢
ferromagnetism as described in ref. [14]. Finally, whereas the donor impurity-band

model associated trends in the ferromagnetism of n-type ZnO DMSs across the 3d

2
™ i series (Figure 3.3.3.2(a)) with a continuous trend in dopant electronegativity, the

spectroscopic analysis reveals that the magnetic trends are dominated by the
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contributions of electron-electron repulsion, which must be included in addition to
electronegativities when estimating energies of multi-electron donor or acceptor
configurations (Eqn. 2.3.1.3, Figure 3.3.3.2). Only with the inclusion of

electron-electron repulsion terms may the origins of ferromagnetism in p-type

Mn2+:ZnO be rationalized within this model. These modifications notwithstanding, the
central hypothesis of the spin-split impurity-band model, namely that ferromagnetism
depends strongly on dopant-donor/acceptor hybridization at the Fermi level, appears to
be supported by the spectroscopic data and analysis presented here. We note that
although carriers are implicated, this analysis does not imply macroscopic
conductivity. The magnetic phase diagrams for carrier-mediated ferromagnetism in

ZnO DMSs may possess a region in which the material is both insulating and

14
ferromagnetic. Such a region has been proposed previously for n-type oxide DMSs[ :

38
and has been observed experimentally in manganese-doped GaAs[ ], where the

o, . . . (1]
critical dependence of ferromagnetism on carriers is generally accepted.

3.4 Conclusion

Although this study has focused on ZnO DMSs, similar electronic structural
properties also probably govern ferromagnetism in other wide bandgap DMSs. From
the spectroscopic analysis, the general conditions conducive to dopant-donor/acceptor
hybridization at the Fermi level, and hence to high-Tc ferromagnetism, are ()

approximately thermoneutral dopant-defect resonances (small AE,, ) and (i)
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energetic proximity of the reduced or oxidized dopant to the semiconductor band
structure (small AE,3).

Satisfaction of these conditions can be recognized experimentally by the
appearance of dopant-derived donor- or acceptor-type ionization states in close
proximity to the band edge of the DMS. Moreover, assignment of these transitions
(LveMCT versus MLcgCT) can reveal the polarity of the carriers that mediate the

ferromagnetism (n-type versus p-type, respectively). LygMCT or MLcpCT absorption

2 39
and MCD intensities very near the band edge are indeed observed in Co +:Ti02[ ],

Niz+:Sn02{40], and Cr3+:Ti02[41], all three of which show high-T¢ ferromagnetism
under appropriate conditions. Careful analysis of the excited states in these and other
wide bandgap DMSs, coupled with continued development of sophisticated theoretical
models, can therefore be anticipated to provide valuable new insights into the
electronic structural origins of polarity dependent high-T¢ ferromagnetism in this

important class of materials.
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Chapter 4: Stzable Photoggneratezd Carl;iers in Colloidal ZnO
+ + + +
and TM :ZnO (TM =Co ,Mn" ) Nanocrystals

This chapter describes the use of electron paramagnetic resonance
spectroscopy to probe room temperature electron spin dynamics in colloidal pure ZnO
quantum dots containing additional quantum-confined conduction band electrons.
Some of the work presented in this chapter was performed in collaboration with the
research group of Professor Bruce H. Robinson (University of Washington), in
particular, Alyssa L. Smith’s contribution of deconvoluting the ZnO electron
paramagnetic resonance absorption data using algorithms written in MatLab®. The
use of electron paramagnetic resonance spectroscopy is extended to probe the coupling

between the additional quantum-confined conduction band electrons and magnetic

dopant cations in colloidal transition metal (C02+, Mn2+) doped ZnO nanocrystals.

4.1 Introduction

Electron spins in semiconductor quantum dots are promising candidates for

information processing using quantum particles (quantum computation).m An
attraction of this motif is the slower spin-dephasing expected upon electron
confinement. In quantum dots, dephasing mechanisms involving spin-orbit coupling
are believed to be suppressed, making electron-nuclear hyperfine coupling the
dominant source of spin relaxation.[z’s] The first half of this chapter describes the use

of electron paramagnetic resonance spectroscopy to probe electron spin dynamics in
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colloidal quantum dots of ZnO, a prototype wide bandgap semiconductor. ZnO is
attractive for many potential applications with its well defined doping and defect

chemistries, suitability for transparent high-power high-temperature applications, and

ability to lase at ultraviolet wavelengths.[4] Recently, relatively long room-temperature
ensemble spin-dephasing times (7. 2* <0.19 ns at ~290 K) have been measured for bulk
and epitaxial n-type ZnO using time-resolved Faraday rotation (TRFR)
spectroscopy,[s] but to date no studies of spin dynamics in ZnO nanostructures have
been reported. In this chapter, spin-dephasing times have been measured at room
temperature for colloidal ZnO quantum dots containing between 1 and 6 additional
quantum-confined conduction band electrons. The hypothesis that electron-nuclear

hyperfine interaction dominate spin-dephasing dynamics is confirmed directly by
67
variation of the Zn (/= %) content.
. 2+ 2+ 2+ 2+
Furthermore, colloidal TM :ZnO (TM™ = Co , Mn ) nanocrystals
containing additional quantum-confined conduction band electrons have been

prepared. Although charged[&g] and magnetically doped[g] colloidal semiconductor
nanocrystals have been reported separately, colloidal nanocrystals that have been both
charged and magnetically doped as described herein have not. The relevance of
examining the ™ - €~ exchange interactions in these materials lies in the pivotal
role in which carrier-dopant interaction gives rise to the many observed

: . . . : . [0
magneto-electronic phenomena, including carrier-mediated ferromagnetlsm,[ :
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magnetic polaron nucleation,[“] and coherent spin injection.m] This new motif
presents unexplored opportunities for investigation of carrier-dopant interactions in
diluted magnetic semiconductor nanostructures. The remainder of this chapter
describes the use of electron paramagnetic resonance spectroscopy to probe the
exchange coupling between the additional electrons and the magnetic dopants in

diluted magnetic semiconductors.

4.2 Experimental

Alkyl-capped (Alkyl = trioctylphosphine oxide or dodecylamine) colloidal

nanocrystals of pure ZnO and TM2+:ZnO (TM2+ = C02+, Mn2+) were synthesized as
described previously in Chapter 2 and 3. %Zn-enriched zinc acetate (“Zn(9.60%),
99.8%, Trace Sciences International, see Appendix B for zinc isotope distribution)
was used for the synthesis of ¢’Zn-enriched ZnO. Samples for photochemical
reduction experiments were prepared by evaporating the solvent from the desired
colloidal suspension to obtain a dry powder. The powder was transferred into a
glovebox, resuspended in a degassed and anhydrous toluene/ethanol (98:2 vol:vol)
mixture, and sealed under inert atmosphere in either a quartz sample tube or a
spectroscopic cell.

Photochemical reduction of the colloidal nanocrystals was achieved by
all-lines ultraviolet irradiation with an argon gas laser (333-364 nm, BeamLok 2060
Spectra Physics). Electronic absorption spectra were collected using a Cary SE

(Varian) spectrophotometer. Infrared (IR) absorption spectra were collected using a
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Perkin-Elmer 1720 FTIR with the sample in a 15 um pathlength CaF, cell. X-band
(9.5 GHz) electron paramagnetic resonance (EPR) spectra were collected on a Bruker
EMX EPR spectrometer. Dopant concentrations were determined by inductively

coupled plasma atomic emission spectrometry (ICP-AES, Jarrel Ash model 995).

4.3 Results and Discussion
4.3.1 Room-Temperature Electron Spin Dynamics in Colloidal ZnO Quantum Dots
Figure 4.3.1.1(a) shows a photograph of as-prepared (ZnO) and charged (

€cp 1 Zn0 ) colloidal ZnO quantum dots. Figure 4.3.1.1(b) shows 298 K electronic

absorption spectra collected before and after ultraviolet (UV) irradiation. With
irradiation, the first excitonic peak in the UV was bleached, and a broad near-infrared
(NIR) absorption band of comparable oscillator strength appeared. The bluish hue
visible by eye in the charged nanocrystals is due to tailing of this NIR band into the
visible region. These spectral changes, prominent in the absorption difference

spectrum (charged-as-prepared, Figure 4.3.1.1(c)), agree well with those reported

7,8,13 , . .
previously.[ : The UV bleaching has been attributed to electron filling of the

conduction band, and the new NIR intensity to dipole allowed intra-conduction band

o 7,8] . . . . .
exmtatlon.[ The multiple sharp absorption peaks in the NIR are solvent vibrational
overtones. When kept anaerobic, the charged ZnO nanocrystals are kinetically very

stable (Kgecay<0.01/week at 298 K), but they return rapidly and completely to their

initial forms upon exposure to air (gray dotted line in Figure 4.3.1. 1(b),(c)]. This facile
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reversibility demonstrates that no photodegradation occurs under these charging

conditions.

Figure 4.3.1.1(d) shows the 298 K X-band (9.5 GHz) EPR spectra of colloidal
ZnO nanocrystals before and after charging. The as-prepared ZnO nanocrystals

showed no EPR signal. After UV irradiation, an intense new EPR signal at g* ~ 1.96
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Figure 4.3.1.1. (a) Photographs of as-prepared and charged colloidal ZnO quantum
dots. (b) The 298 K absorption spectra of as-prepared (red line), charged (blue line),
and reoxidized (dotted gray line) colloidal ZnO quantum dots. (¢) Difference
absorption spectra showing UV bleaching and IR absorption with charging (blue line)
and reversal with reoxidation (dotted gray line). (d) The 298 K EPR spectra of
as-prepared (red line), charged (blue line), and reoxidized (dotted gray line) colloidal

Zn0O quantum dots.
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was detected, similar to those reported in nano- and microcrystalline aggregates of

14-16
ZnO.{ : Since n-type grain-boundary defects are abundant in ZnO aggregates and

may severely complicate analysis of their EPR spectra, TOPO-capped ZnO

[13,17 . .
nanocrystals : were used here to ensure that the physical properties observed are
those of the freestanding quantum dots. The deviation from g, = 2.0023 indicates that

the new EPR signal in Figure 4.3.1.1(d) does not originate from deeply trapped

16,18
electrons. From K-P treatment of the ZnO band structure (Eqn. 4.3.1.1),[ : the

reduction of g" derives from the combination of interband mixing (P) and spin-orbit

coupling (4), both of which are relatively small in ZnO. From Eqn. 4.3.1.1, g also

16,18
depends on quantum dot diameter since the energy gap (Ey) is size dependent.[ : As

with the NIR absorption, the g* = 1.96 signal disappeared upon exposure of the
charged quantum dots to air (Figure 4.3.1.1(d)). Collectively, the data in Figure 4.3.1.1

confirm that the added electrons reside in the ZnO quantum dot conduction band. One

19 3
electron in a d = 4.6 nm quantum dot corresponds to a carrier density of 2x10 cm .

. 2 P?A
g =g, ~—— —— Eqn. [4.3.1.1]
3[Eg(Eg+A)J

Both the NIR absorption and g* = 1.96 EPR intensities increase with increasing
UV irradiation times. Interestingly, plots of EPR vs NIR intensities are not linear. To

understand this observation, the average number of electrons per ZnO nanocrystal

(<n>) was determined for several samples by titration with recrystallized methyl
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19
viologen dichloride (see Appendix B).[ : Whereas the rate of change of the integrated

NIR intensity increases slightly with increasing <n> , the data in Figure 4.3.1.2(a) show
a pronounced curvature in the EPR intensity with increasing <n> . Tight-binding

20
calculations[ : describe the lowest conduction energy levels of ZnO quantum dots as
having §, P, and D symmetries with orbital degeneracies of 2, 6, and 10, respectively.
To analyze the data in Figure 4.3.1.2(a), it was assumed that electron filling of these

levels in each quantum dot follows the Aufbau principle (as observed with

electrochemical charging)[zo] and Hund’s rules, and that Poissonian statistics govern
electron distributions over the ensemble of quantum dots. To test these assumptions,
spin-weighted Poissonian population distributions were calculated using Eqn. 4.3.1.2.
Here, n is the number of electrons in a given quantum dot and represents the number
of possible EPR transitions allowed (AM; = =£1) in the resulting multi-electron

configuration. Thus Eqn. 4.3.1.2 allows estimation of the EPR intensity as a function

of average electron occupancy <n> within the Poissonian filling model.

n ,=(n)
P(a;n;<n>)=a@—>e— Eqn. [4.3.1.2]
The sum of spin-weighted populations calculated for all of the EPR active
configurations [S(S= %), P(S= %, 1, %), and D(S= %, 1, %, 2, %)] is plotted vs
<n> in Figure 4.3.1.2(b). The calculated curve reproduces the experimental data

(Figure 4.3.1.2(a)) remarkably well. The minor differences in curvature are reasonable
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given the simplicity of the model, since non-Poissonian populations due to the finite
particle size distribution may be reasonably anticipated. Notably, curves calculated

excluding either S = 1 (non-Kramers) or all S > ¥ configurations fail to reproduce the
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Figure 4.3.1.2. EPR spectra of colloidal ZnO quantum dots (d = 4.60 £ 0.4 nm, 298
K) as a function of <n> (a) Relative double integration of the first-derivative EPR

intensities. Data for which <n> was determined by chemical titration are marked X. (b)

Spin-weighted Poissonian probabilities for S, P, and D filling in an ensemble of ZnO
quantum dots. (¢) EPR spectra of as-prepared (solid line), low <n> (dotted line), and

high <n> (dashed line) ZnO quantum dots (DPPH internal standard, g = 2.0037 +
0.0002). (d) Lorentzian line widths. (e) e, g values.

experimental curvature of Figure 4.3.1.2(a) adequately (see Appendix B), suggesting

that zero-field splittings of the S > ¥ configurations are small relative to the X-band
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photon energy. The curvature in Figure 4.3.1.2(a) thus ultimately reflects differences
between unpaired and total ((n)) electron populations in charged quantum dots with
level filling governed predominantly by Poissonian statistics. These conclusions are
supported by use of the same statistical model to analyze the change in NIR intensity

with <n> (see Appendix B), which yields ~0.25 for the relative S-P:P-D oscillator

8
strengths, in good agreement with the published ratio (~O:33).[ ]

The e;; EPR signal is substantially broader than that of the internal reference

DPPH (diphenylpicrylhydrazyl radical) at all values of <n> (Figure 4.3.1.2(c)).

Although the EPR lineshapes are nearly Lorentzian, analysis reveals some
inhomogeneous broadening, as might be expected from the finite quantum dot size

distribution and the size dependence of g’ (Eqn. 4.3.1.1). For analysis of the
linewidths, the homogeneous (I';, Lorentzian full-width at half-height) and

inhomogeneous (I"ag+, Gaussian standard deviation) contributions to the lineshape in

each EPR spectrum were therefore deconvolved. The resulting homogeneous

linewidths are plotted vs <n> in Figure 4.3.1.2(d). Whereas I'; increases with

increasing (n) » I'ag« remains small and nearly constant (1.5 < Tpex < 3.3 G) over the

21 * .
entire range of ( n> (see Appendix B).[ : This broadening and the concomitant g shift

(Figure 4.3.1.2(e)) with increasing <n> are discussed in more detail below.
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The e :ZnO EPR linewidths are of fundamental importance since they
directly reflect electron spin dynamics. The longitudinal relaxation time (T1) for the

charged ZnO quantum dots was investigated by pulse saturation recovery (Figure

22
4.3.1.3(a))[ ] and saturation rollover EPR measurements (not shown). Both

experiments show 7; to be on the microsecond time scale (~240 ns) at 298 K, which is

* 5
comparable to the previously measured 75" (<0.19 ns at 290 K) for ZnO.[ : Therefore,

the governing process to the overall relaxation rate is spin-spin relaxation as given by
[23]
Eqn. 4.3.1.3.
Lpw =T, +2T, Eqn. [4.3.1.3]

To a good approximation, I'; is then related to the spin-dephasing time T;

according to Eqn. 4.3.1.4, From I'; = 4.54 G measured for <n> =0.7at 298K, T, = 25

ns is determined.

_2h
goipl,

T, Eqn. [4.3.1.4]

In GaAs, InAs, and CdSe quantum dots, spin dephasing has been associated

. . . [23] . . . .
with the electron-nuclear hyperfine interaction, ~ which is large in these lattices

because many of their ions have nuclear spin. In contrast to the semiconductors

67
mentioned above, the vast majority of cations and anions in ZnO have I = 0. Only Zn

(I = %, 4.1% natural abundance) may contribute significantly to spin dephasing via

the hyperfine interaction. To test the hypothesis that the linewidth shown in Figure
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4.3.1.2 depends on electron-nuclear hyperfine coupling, a series of 4.0 + 0.4 nm

. . . 67
diameter nanocrystal samples having different average Zn contents (<67 Zn>) have
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Figure 4.3.1.3. (a) Pulse saturation recovery EPR data for natural abundance ZnO
quantum dots. The solid line shows a biexponential best fit with 7, = 0.24 and 7, = 2.7

us. (b) ez, : ZnO quantum dot EPR signal as a function of <67 Zn> ford=4.0+4 nm
quantum dots with <n> = 2. (0) 4.1% (natural abundance), (<) 6.8%, and (O0) 9.6%

6
7Zn. The dotted lines are guides to the eye. (¢) Fourier transforms of EPR absorption
spectra from (b). (d) Plot of T3 vs <67Zn> for the data from (b) including the

calculated results of Eqn. 4.3.1.5 (black dashed line).

67
been synthesized by starting from Zn-enriched Zn(OAc), precursors. Each sample

was prepared and charged to <n> = 2 under identical conditions. The resulting EPR
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spectra are plotted in Figure 4.3.1.3(b). Clearly, increasing <67Zn> from 4.1 to 9.6%

increases the linewidth substantially. This increase corresponds to a decreased
spin-dephasing time, as evident from plots of the Fourier transformed EPR absorption

spectra for the same three samples (Figure 4.3.1.3(c)). To quantify the extent to which

<67Zn> concentration influences spin-dephasing, the Fourier transformed EPR

absorption spectra in Figure 4.3.1.3(c) were fitted to an exponential decay curve to

yield the ensemble spin-dephasing time, T3". Figure 4.3.1.3(d) plots 73" vs <67 Zn> for
the three <n> = 2 quantum dot samples from Figure 4.3.1.3(b). 7> decreases from 8 to
6 ns upon increasing <67 Zn> from 4.1 to 9.6%. The T, for ZnO quantum dots with
(n) =2 and <67Zn> = 4.1%, is ~40 times greater than those measured for bulk and

x 5
epitaxial #-type ZnO by TRFR spectroscopy at 290 K (7" <0.19 ns).[ )

Following ref. [2], the ensemble spin-dephasing time, T, for the three

different <67Zn> concentrations was calculated using Eqn. 4.3.1.5 and plotted in

Figure 4.3.1.3(d). The T, in this scenario depends on the strength and number of

hyperfine interactions in the quantum dot as described by Eqn. 4.3.1.5,

3N,

£ h\/ Yy, I(I +1)(4')

where N, is the total number of ions in the quantum dot, # is the number of ions in the

Eqn. [4.3.1.5]

unit cell, 7 is the nuclear spin on the j-th ion, 4 is the hyperfine coupling constant at
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the j-th ion, and the sum is over all ions in the unit cell.

The isotropic hyperfine coupling for an electron localized on 67Zn has been
reported as A Zn) = 5.17 ,ueV.m] With N; =~ 2800 (for a 4.0 nm average diameter
quantum dot), Eqn. 4.3.1.5 yields T, = 4.9, 3.8, and 3.2 ns for the 4.1, 6.8, and 9.6%
<67 Zn>, respectively. Although the calculated T," values are a factor of ~2 smaller
than the experimental values, they are in reasonable agreement given that (i)
covalency will decrease A(®"Zn) and (ii) crystal shape anisotropy may cause the real

ez, wave function to deviate from the idealized wave function assumed in derivation

of Eqn. 4.3.1.5.[2] The experimental trend in Figure 4.3.1.3 indicate that long room
temperature electron spin-dephasing times can be achieved in quantum dots by
chemical modification to eliminate ions with J # 0.

In addition to hyperfine coupling, overcharging (quantum dot containing more

than 1 conduction band electron) is very effective in reducing T,. Plot of T for the
same quantum dot sample (d = 4.60 £ 0.4 nm) at charging levels from (n> =0.7t05.7
(from Figure 4.3.1.4), showing 7, reduction from 25 to 5 ns. Although quantitative
analysis is complicated by the ensemble nature of the experiment, it is evident from
comparison of Figures 4.3.1.2(b) and 4.3.1.2(d) that T, decreases as the unpaired e,
population shifts from predominantly S to predominantly P configurations. Since line

broadening occurs only above <n> ~ 1.5, where multi-electron P configurations begin

to appear, it is concluded that spin-spin relaxation mechanisms are predominantly
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responsible for the reduction in 7, with increasing <n> Finally, the data in Figure

4.3.1.2(e) reveal that g* is greater for P electrons than for an unpaired S electron. The
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Figure 4.3.1.4. T, for the same quantum dot sample (d = 4.60 = 0.4 nm) at charging
levels from <n> = 0.7 to 5.7 determined using Eqn. 4.3.1.4 and I'; from Figure

4.3.1.2(d).

Poissonian analysis allows resolution of individual g" values from the data in Figure

4.3.1.2(e), yielding g (S") = 1.962 and g (S*P") = 1.971. This increase is also evident

from the comparison of g* = 1.968 at <n> = 4.4 where ~93% of the EPR intensity

derives from P configurations, with g* = 1.963 at <n> = 0.7 where ~86% of the EPR

intensity derives from the S configuration. The increasing g" may reflect contributions
from orbital angular momentum in the P configurations. Indeed, calculations on

spherical ZnO nanocrystals within the multiband effective mass approximation have
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predicted substantial orbital effective Landé g factors for P electrons (I = 1).[18] A
detailed analysis of these highly charged quantum dots is complex and beyond the
scope of this chapter, but it may be of interest for future studies.
4.3.2 Photochemical Reduction of Colloidal TM' :ZnO (M = Co'', Mn')
Nanocrystals
Figure 4.3.2.1(a),(b) shows 298 K electronic absorption spectra of 2.6%
C02+:ZnO nanocrystals suspended in toluene (with small amount of ethanol, ~2% of

the total volume) in their as-prepared and charged forms. With charging, the first
excitonic peak in the UV was bleached, and an intense NIR band appeared, as reported
previously for pure ZnO colloids and observed in Section 4.3.1.[7] The UV bleaching
has been attributed to partial filling of the conduction band (CB) and the new NIR
intensity to dipole-allowed intra-CB transitions.[7’8] Together, these spectral changes

) 24
are the signature of CB electrons (e, ).[ :

Figure 4.3.2.1(c),(e) shows 298 K electronic absorption spectra of concentrated
suspensions of 4.2% Co’:ZnO and 0.8% Mn’ :ZnO colloids in toluene in their
as-prepared and reduced forms. The sub-bandgap absorption spectra of the as-prepared
DMS nanocrystals have been described previously.m’zsl With photoreduction, both

suspensions exhibited the signature UV bleaching and NIR absorption (e.g., Figure

4.3.2.1(a),(b)). For C02+:ZnO, the difference spectrum (charged—as-prepared, Figure

4.3.2.1(d)) shows no other features. Notably, there was no detectable change in the
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*As—"Ty(P) or “Ty(F) intensities centered at 16500 and 7200 cm’, respectively
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Figure 4.3.2.1. The 298 K absorption (a, ¢, e) and difference absorption (b, d, f)
spectra of 4.5 £ 0.2 nm diameter nanocrystals: as-prepared (red line), photoreduced

(blue hne) and reoxidized (gray dotted hneg (a, b) 2.6% Co ZnO dilute; (¢, d)
4.2% Co ZnO concentrated; (e, f) 0.8% Mn : ZnO, concentrated.

(AAbs < 0.8%), demonstrating that Co is not formed at appreciable concentrations

+
under these conditions (Co cation mole .fraction <0.03%). Because the as-prepared
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2 4
Co +:ZnO nanocrystals are already blue from the A, 4T1(P) ligand field absorption,

they do not color significantly upon charging.

For Mn2+:ZnO, bleaching was also observed at ~24000 cm’ upon
photoreduction (Figure 4.3.2.1(e),(f)). Absorption and magnetic circular dichroism

spectroscopies have previously identified the 24000 cm’ band as a donor-type

ST e . . 2+ , 25
photoionization transition involving promotion of a Mn~ electron into the CB.[ ]

Bleaching of this Mn® - CB ftransition is consistent with CB filling and may also

reflect suppression of its intensity-stealing mechanism, which involves configuration
: . . . 26 I
interaction with the nearby excitonic levels.”™” The spectral changes in Figure

4.3.2.1(e) result in coloration of the Mn2+:ZnO nanocrystals from yellow/brown
(as-prepared) to emerald green (charged). In all cases, the reduced nanocrystals were
stable indefinitely (kgecay < 0.01/week at 298 K) when kept anaerobic but returned
rapidly to their original forms upon exposure to air (gray dots in Figure 4.3.2.1),
consistent with facile reoxidation.

EPR spectroscopy was also used to study the reduced nanocrystals. Figure
4.3.2.2(a) shows 298 K EPR spectra of as-prepared and charged colloidal ZnO
nanocrystals. The as-prepared ZnO nanocrystals showed no EPR signal. A new g~ =

1.96 signal was detected after photoreduction (Figure 4.3.2.2(a)) similar to that
reported for shallow donors in nanocrystalline ZnO.[15’16] A detailed description of this

EPR spectrum for undoped ZnO nanocrystals was discussed previously in Chapter 4

Section 4.3.1.,
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Figure 4.3.2.2(b) shows 298 K EPR spectra of as-prepared and charged

+

2+ 2 X
Co :ZnO nanocrystals at various Co cation percent mole fractions (x). At 298 K,

4 2
as-prepared C02+:ZnO shows no EPR signal due to rapid Co . spin-lattice
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Figure 4.3.2.2. The 298 K EPR spectra of as-prepared (red line), reduced (blue line),
and reoxidized (gray dotted line) colloidal nanocrystals: (a) ~4.1 nm diameter ZnO

nanocrystals; (b) ~4.3 nm diameter x %Co *.7n0 nanocrystals after photoreduction;
(c) EPR intensity from part (b) plotted versus x. Curves show statistical probabilities

. . 2
calculated for 0-4 dopants/particle; (d) ~8.0 nm diameter 0.2% Mn *.Zn0
nanocrystals, with inset showing the reduced ZnO EPR spectrum from part (a) on the

same x axis.

.27 , ) . -
relaxatlon,[ : making this system amenable to observation of e;; upon
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photoreduction. For small x, a g* = 1.96 EPR signal was detected after photoreduction
(Figure 4.3.2.2(b)) identical to the one observed in Figure 4.3.2.2(a). With increasing
x, this EPR signal weakened substantially, despite clear evidence of nanocrystal
charging from absorption spectroscopy (e.g., Figure 4.3.2.1(a)-(d)). A plot of EPR
intensity versus x (Figure 4.3.2.2(c)) for a series of nanocrystals reduced under

identical conditions reveals that the EPR intensity correlates quantitatively with the
. ... 9 .
fraction of undoped ZnO nanocrystals calculated from Poisson stat1st1cs.[ : A single

C02+ ion thus completely suppresses the e;, EPR signal under these conditions, likely
by lifetime broadening due to C02+- ez, coupling.

Figure 4.3.2.2(d) shows EPR spectra of as-prepared and reduced 0.2%

2+ , 2+ 2+, 27
Mn :ZnO nanocrystals. In contrast with Co , Mn in ZnO relaxes slowly[ : and

shows a strong EPR signal at 298 K with extensive hyperfine structure described by
the axial spin Hamiltonian parameters gis, = 1.999, 45, = -74.O><1O-4 cm-l, and D = -

25 . : .
22l This structure broadened substantially upon reduction, a change

2 4
2.36x10 cm .
that was quantitatively reversed by exposure to air (dotted line in Figure 4.3.2.2(d)).
Importantly, the spectrum of reduced Mn2+:ZnO nanocrystals is not the simple sum of

+ TR . 2+ . . .
and e, spectra, indicating substantial Mn - e, interaction. To estimate the

2
Mn
effective (mean-field) Mn'- ez exchange energy, the line broadening of Figure

4.3.2.2(d) was analyzed. Assuming the Mn2+ line broadening (AI') arises solely from

exchange splitting of each Mn?')r hyperfine peak by interaction with the S = 4, e, , a
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mean Mn’~ level splitting of 40 G (0.23 ueV or 1.9x10° cmhl) is estimated. The total

. . 2+ . .
exchange energy experienced by e, is the sum over all Mn - e., Interactions. For

8.0 nm diameter 0.2% Mn’ :ZnO nanocrystals, the mean Mn’ occupancy is (TM ) =

22.5, so AF (353) ~ 43x10° cm . This result can be related to the mean-field

exchange parameter Nyo typically used to describe ™ - e coupling in bulk

DMSs'  via Eqn. 4.3.2.1,

AE | {TM)AT|

x(S)| | x(S.) |

where ](S)‘ = 0.004 is the Mn2+ spin expectation value under the experimental

~

|Nya| = Eqn. [4.3.2.1]

conditions of 298 K and ~0.33 T used for Figure 4.3.2.2(d). Solving Eqn. 4.3.2.1

yields |[Nye| = 0.66 €V, a value comparable to those reported[m] for bulk Mn’ :ZnSe

(+0.26 eV), Mn”":ZnTe (+0.18 V), and Mn2+:CdSe (+0.26 €V), as well as that used to
model magneto-transport in Mn2+: ZnO films (+0.19 eV).[zs] Although reasonable in
magnitude, this experimental estimate neglects Mn2+ relaxation broadening[zg] and
17]

. . » . . 9)
makes no attempt to account for nonstatistical dopant dlStI‘lbuthl’lS,[

, : 24 2+ . [28 . I8
carrier-mediated Mn -Mn  exchange couphng,[ Vor nanocrystal overchargmg,[ Dall

of which should be important variables. Nevertheless, the data in Figure 4.3.2.2 clearly
2
demonstrate both the existence of TM - e;p exchange interactions in charged DMS

nanocrystals and the possibility to study these interactions spectroscopically.
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4.4 Conclusion

In summary, conduction band electrons have been successfully introduced into

2 2
colloidal undoped ZnO and TM " 700 (TM = Coz+, Mn2+) semiconductor
nanocrystals as indicated by the distinctive changes in the electronic absorption
spectra and the appearance of a new EPR signal. The electron spin dynamics in

undoped ZnO quantum dots have been probed by EPR spectroscopy. 75 values up to
25 ns at 298 K have been observed, and a clear relationship between 75" and e, “'Zn
hyperfine coupling has been demonstrated. These results point to chemical control
over <67 Zn> as a promising avenue for increasing electron spin-coherence times in
ZnO quantum dots. Long spin-coherence remains a sought after property in

semiconductors.

2
In addition, manifestations of TM - ecp interactions have been observed by
2 2
EPR spectroscopy. For the case of Co ".Zn0 the TM" - ec; €xchange interaction led to
2
rapid quenching of the e;, EPR signal. For the case of Mn +:ZnO, however,

2+ . . . . . 2+
TM - ey exchange interaction resulted in considerable broadening of the Mn

hyperfine peaks. In a broader view, extension of this research to other DMSs and
nanocrystal dimensionalities is expected to reveal interesting new phenomena relevant

to future spin-based information processing applications.
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Chapter 5: Summary

5.1 Summary

This chapter highlights some of the main conclusions of the cumulated work in
this dissertation. One of the major characteristics desired of all photovoltaic devices is
a match between the wavelengths at which the photoactive material absorbs and the
wavelengths at which the photon source emits. In a commercial setting, that photon
source is the Sun and the greater part of its emission energy is in the visible spectral
region. For this reason, photovoltaic devices based on wide bandgap semiconductors
often have a poor spectral matching, which in turn leads to an overall low cell
performance. Hence, it is often required to augment the wide bandgap semiconductor
material.

As discussed in Chapter 1, incorporation of a small percentage of 3d transition
metals into the host semiconductor is one of the many strategies for sensitizing wide

bandgap semiconductors to the visible spectral region. This has been observed to shift

: . 19
the spectral response of many of these wide bandgap semiconductors, such as ZnO, :

(o .. [] [12,13] . . . .
ZnS, ~TiO;, ~ InTaO, and others into the visible spectral region due to the

presence of sub-bandgap energy levels. Until now, the photophysics behind the
observed photoinduced charge separation from sub-bandgap excitation have been
uncertain or inadequately investigated. The work performed in Chapter 2 with

2+ . . . . .
Co :ZnO electrodes rationalizes the macroscopic photoinduced charge separation

observed in C02+:ZnO and other 3d transition metal doped wide bandgap
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semiconductors. The spectroscopic and photovoltaic measurements revealed,
identified, and attributed two sub-bandgap charge transfer transition states (MLcgCT

and LvgMCT) as being responsible for the observed charge separation under visible

light illumination. In addition, charge separation under direct C02+ ligand field

excitation can be understood as resulting from nonradiative energy transfer from the

4T1(P) Co2+ ligand field excited state to the overlapping broad MLcgCT energy state.
The internal quantum efficiencies for charge separation were observed to be
dependent on the energy separation between the charge transfer and the excitonic
excited states, with internal quantum efficiency increasing with decreasing energy
separation between the two excited states as a result of greater mixing between two
excited states. Both internal quantum efficiencies were smaller compared to those of

photovoltaic cells based on a dye-sensitized nanostructured semiconductor (10%) or

p-n silicon (13-24%) materials.m] A slight improvement in the overall cell
performance, however, was observed when changes in the physical parameters such as
increased porosity and decreased resistance were made to the film. Unfortunately,
even with these modifications to the cell considerable improvements are needed if
these types of photovoltaic cells are to be competitive with today’s conventional
silicon solar cells for commercial solar energy conversion.

In light of these findings, the photoresponse in other 3d transition metal doped
wide bandgap semiconductors, for example Ni-doped InTaO4, can now be adequately

understood. Although the authors ([refs. 12,13]) did not fully assign the origin of the
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new broad intensity observed in the absorption spectrum after incorporating Ni into

InTaOs, an analogy with the results for Coz+:ZnO suggest that a sub-bandgap charge
transfer state is responsible for the observed charge separation in that material.
Overall, in terms of future material design of transition metal doped
semiconductors for visible light photochemistry, our findings suggests that it would be
favorable to select dopants that would tune the charge transfer energies near the
excitonic excited state to optimize the charge separation efficiency. In addition, one
should keep in mind that incorporation of a 3d transition metal does not guarantee
photoinduced charge separation in regards to ligand field excitation. The excited
electron in the ligand field excited state is highly localized on the 3d transition metal.
For effective charge separation to occur, the ligand field excited state must be able to
relax to a nearby charge transfer excited state. Otherwise, illumination at energies
corresponding to the d-d excited state of the 3d transition metal will only lead to

photon absorption but not to any photocurrent. This has been observed for the case of

2+ . 2+
Ni :ZnO, where there was a noticeable absence of photocurrent at the Ni*  ligand

.. . [2]
field transition energies.

The importance of possessing sub-bandgap charge transfer excited states in 3d
transition metal doped semiconductors is not exclusive to the underlying photoinduced
charge separation property of the material, but extends to the ferromagnetic property

as well. In identifying the existence of a sub-bandgap MLcgCT in Mn2+:ZnO and a

. 2+ . . . . .
LvsMCT in Co :ZnO in close proximity to the excitonic excited state, we have added
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to our current understanding of what gives rise to the observed ferromagnetism in
these materials. The relevance of having a charge transfer excited state in close

proximity to the band edge relates to the effectiveness of hybridization of the 3d
transition metal dopant ions with shallow donor (for the case of C02+:Zn0) or acceptor
(for the case of Mn2+:ZnO) defect bands at the Fermi level. Analogous to the spin-split
donor impurity-band model,[ls] strong dopant-defect hybridization leads to high-7c

. . .. [16,17] .-
ferromagnetism as observed in these materials. In addition, the type of charge
transfer, metal-to-ligand or ligand-to-metal, was capable of revealing whether the

pertinent charge carriers are holes or electrons, as demonstrated by the observation of

ferromagnetism in p-type Mn2+:ZnO and n-type C02+:ZnO, and nonferromagnetic
behavior under opposite carrier conditions.

The work presented in Chapter 3 has demonstrated that it is worthwhile to
investigate and identify the charge transfer states present in diluted magnetic
semiconductors, the attraction being its usefulness to explain as well as predict the
ferromagnetic property in the material. Analysis of the charge transfer states has
already demonstrated itself to be an effective alternative means to elucidating the

ferromagnetic behavior in 3d transition metal doped ZnO. This charge transfer

. : o : [18-25]
analysis formalism can be a worthy addition to other theoretical models

pertaining to carrier mediated ferromagnetism in diluted magnetic semiconductors.
2
Inspired by the findings in Chapter 3, paramagnetic colloidal Mn +:ZnO and

C02+:ZnO nanocrystals were charged with additional electrons by photochemical
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. . . . N 2
reduction. The interest behind investigating a e, :TM ".zn0 system was the

anticipation that the introduction of a carrier in the conduction band of the
semiconductor would lead to s-d exchange interaction with the magnetic dopant. The

presence of s-d exchange interaction between the additional conduction band electrons
. . 2+ .
and the magnetic dopant d electrons in Mn :ZnO was supported by the broadening of

2+ . : .
the Mn  hyperfine structure. The observation of carrier-magnetic dopant exchange
interaction in these materials is encouraging, however, as to whether or not the
interaction is strong enough to lead to ferromagnetism continues to be a topic for

further investigation.
Although the EPR study in Chapter 4 was only performed on Mn2+:ZnO and

C02+:ZnO nanocrystals, the methodology employed is by no means exclusive but may
be suitable as a basic framework for studying carrier-magnetic dopant exchange
interactions in other charged diluted magnetic semiconductors. In addition, extending
the study to higher semiconductor dimensions will offer the opportunity to examine
how changes in the degree of quantum confinement may affect the strength of
carrier-magnetic dopant interaction. Overall, the ability to introduce additional carriers
into diluted magnetic semiconductors by photochemical reduction has provided an
experimental method for investigating the role that carriers might play in regards to
ferromagnetism in diluted magnetic semiconductors.

In regards to spin-based electronics, perhaps one of the most ambitious devices

to be proposed by theoreticians is the quantum computer, in which quantum states of
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the electron or nuclear spin function as a quantum bit (qubit). The immense interest in

the quantum computer lies in its promise to outperform the conventional computer

26
through the use of quantum algorithms.[ : The feasibility of a quantum computer
relies heavily, among other prerequisites, on the ability of the qubits to remain
coherent for the duration of the quantum computation.

Recently, Petta er al. demonstrated the coherent manipulation of coupled

electron spins in a double quantum dots device.m] They obtained a spin coherence
time of ~10 ns in their GaAs/InGaAs quantum dots, measured at a low temperature
(electron temperature ~135 mK). The use of GaAs for the quantum dots, however,
may not have been ideal in this device due to the 100% abundance of nuclear spins in
both Ga and As. As observed in Chapter 4, it was evident that electron-nuclear
hyperfine interactions led to a shortening of the coherence time. Therefore from a
materials perspective, there may be advantages to replacing GaAs in such a device
with ZnO. It has been demonstrated in Chapter 4 that electron spins in colloidal ZnO
quantum dots would remain coherent for up to 25 ns at room temperature, which is
about twice as long as that for GaAs. And unlike GaAs, all the nuclear spins in ZnO
can be removed, effectively eliminating electron-nuclear hyperfine interactions which
in turn should increase the spin coherence time. Overall, the results in Chapter 4
suggest that ZnO quantum dots may be a promising candidate for spin-based

applications. It is anticipated that if coherent manipulation of the electrons in ZnO
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quantum dots can be achieved then the field will be a step closer towards the

development of an actual quantum computer.
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Appendix A: Supplementary Information to Chapter 3

A.1 Calculation of LygMCT and MLcsCT transition energies used Jfor plotting Figure
3.33.2

The LysMCT and MLcgCT transition energies plotted in Figure 3.3.3.2 were

[1.2]
calculated using Jergensen’s optical electronegativity model (Eqn. A.1.1), but with

2+
Pauling electronegativities for comparison across the series of TM  :ZnO DMSs.

Ecp(em™)=30000cm™ (1, (D)~ x,,, (4))+ASPE+10Dg Eqn. [A.1.1]
The first term of Eqn. A.1.1 describes the difference in Pauling electronegativities

between the donors and acceptors. Valence and conduction band electronegativities on

the Pauling scale ( Xon = 2.278 and 1.113, respectively) were calibrated using the

2+ 2+

spectroscopic LysMCT and MLcgCT transition energies of Co - and Mn -doped
ZnO (Figure 3.3.2.1) and their Pauling electronegativities as described in refs. [3] and

[4]. The spin-pairing energies were calculated using Eqn. A.1.2.
SPE =[(S($+1))-5(S+1)]D Eqn. [A.1.2]
where <S (S+ 1)> is the average S(S+1) value for a given transition metal

configuration of /%, where / is the orbital angular momentum quantum number (2 ford

orbitals), ¢ is the number of electrons in the 3d orbitals, and S is the spin quantum

number. The quantity <S (S + 1)> was evaluated using Eqn. A.1.3.
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(5(5+1))= q(g+2) (21+2)q(q-1)

4 2(41+1) Eqn. [A.1.3]
_4(g+2) q(q-1)
4 3

The value D in Eqn. A.1.2 is related to Racah parameters for electron-electron

[1,2]
repulsion, B and C, as described by Eqn. A.1.4.

D=Z(§B +C j Eqn. [A.1.4]

dopant dopant
6 2 P P

The nephaleuxetic ratios (8 = Baopant/Biree ion a0d Y = Cgopant/ Ctree ion) Were assumed

2+
constant across the series of TM :ZnO complexes. Average values of 8 = 0.74 and

2+ 4] 2+ [5]
= 091 were determined from literature values for Mn :ZnO, Co :ZnO, and

2+ 5]
Ni :ZnO and applied to dopants for which experimental Racah parameters in ZnO

are not known. Biree jon and Chec jon values for those ions were taken from the book by

(6]
Figgis and Hitchman.

The last term in Eqn. Al.1 is the ligand field splitting energy, 10Dg, which is

1 +

1 2+ [4]

. 2 .
roughly 4000 cm  across the series of TM  dopants in ZnO [Dg = 420 cm (Mn )

-1 2+ [5] L 24 [8]
390em (Co ) 420 cm (Ni ) ]. Changes in Dgq across the series are negligible
relative to changes in the first two terms of Eqn. A.1.1. All parameters used in

calculating LygMCT and MLcgCT transition energies are tabulated in Table A.1.1.
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Table A.1.1. Parameters used for calculating L\I/BMCT and MLcgCT transition
energies by Eqn. A.1.1. All energies are given in cm .

Metal-to-Ligand (CB) CT Ligand (VB)-to-Metal CT
- ASPE Ligand ASPE Ligand
™  Xpaing . Field Eyy cr 1 Field E; ver
" > 1" Correction I" =>1I"" Correction
Sc) 070" 0 0 -12393  -2518 0 44829
(Ti) 090" 2893 0 -3500 -5786 4000 39561
v 163 6266 -4000 17773 -9399 4000 14048
cr. 166 10519 -4000 22926 -14026 4000 8521
Mn2+ 1.55 16688 -4000 24000 16688 0 36740
Fo. 183  -16059 0 5448 12044 0 25491
C02+ 1.88 -12658 0 9727 8439 4000 24800
NI 191 8744 4000 10432 4372 4000 19784
Cu2+ 1.90 -5112 -4000 14495 0 4000 15347
» 2+ 2+

Pauling electronegativities for Sc and Ti were not found, and these values were
7

7
instead estimated following Jergensen’s empirical method. Because E iger << 0 for
2+ 2+
both Sc¢  and Ti , these ions were not considered further in this analysis.

A.2 LSDA-DFT data used for plotting Figure 3.3.3.2.

Figure 3.3.3.2 includes LSDA-DFT data adapted from refs. [8] and [9]. The

2+ 2+ 2+
stabilization energies of the ferromagnetic phases in TM Zn_O(TM = Mn ,
2+ 2+ 2+ . 2+
Fe ,Co , and Ni ) with donors (Ga ) or acceptors (Né’), calculated for x = 0.25

2+
and donor/acceptor concentrations of 25%, were normalized to those of Co :ZnO



131

(n-type) or Mn2+:ZnO (p-type) and included in Figure 3.3.3.2 for comparison to
experimental and spectroscopic results. Negative stabilization energies in refs. [8] and
[9] were plotted as zeros in Figure 3.3.3.2. For reference, the LSDA-DFT values
plotted in Figure 3.3.3.2 are tabulated in Table A.2.1. Although the computational data
for x = 0.25 were used, the trends in refs. [8] and [9] are largely independent of x, as
demonstrated by the similarity of Figure 3.3.3.2 to the same plot made using x = 0.05

in Figure A.2.1.

Table A.2.1. Calculated energy differences between ferromagnetic (FM) and
antiferromagnetic (AFM) phases in TM(;; : Zn,_ O (with Ga}’ or N2 doping at 25%
for n- or p-type, respectively). Data from refs. [8] and [9].

TM3ss : Zn,_ 0 n-type (25% Gaj; ) p-type (25% N;)
2+ AE gy 4rur AEp, AEpy_ ey AEy,
™ (eV) AEFM(C02+) (eV) AEFM(Mn2+)
Mn 10.043 0 0.035 1
Fo 0.036 1.03 -0.076 0
Co 0.035 1 20,031 0
N 0.026 0.74 -0.005 0
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Figure A.2.1. Same as Figure 3.3.3.2 from the manuscript except now plotted using
computational data from refs. [8] and [9] for x = 0.05 rather than x = 0.25 (the data in

Figure 3.3.3.2). The trends are the same as those described by Figure 3.3.3.2.
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A.3 Electrical and magnetic data used for plotting Figure 3.3.3.2.
Table A.3.1. Summary of thin film electrical and magnetic properties for literature

data used in Figure 3.3.3.2. Each of the two data sets was assumed to have minimized
differences due to changes in carrier and dopant concentration across the series.

Carrier
2+,
™ 'Z.n O, rep‘;fted Concentration P T. M,
nominal TM 5 0, ’
concentration (%) (cm ) during growth (K ) (/"B /TM ) Ref.
15% Co. ¢=2.90x10°  24x10°Torr  ~300 2.0 10
5-25% Mn2+ not reported 2-4x10 Torr t 0.0 10
5-25%, Cr2+ not reported 2-4x10” Torr T 0.0 10
5.25% Niz+ not reported 2-4x10” Torr } 0.0 10
5% Cu2+ not reported 10 mbar T 0.05 11
S%Ni not reported 10" mbar >300  0.49 11
2+ not reported 4
5% Co (n-type) 10™ mbar >300 1.94 11
2+ not reported 4
5% Fe (insulating) 10™ mbar >300 0.43 11
5% Mn2+ not reported 10 mbar T 0.05 11
2+ not reported 4
5% Cr (insulating) 107 mbar I 0.00 11
50, V2+ not reported 10 mbar >300 0.64 11
2+ not reported 4
(5% Scz+) not reported 10* mbar >300  0.32 11
0.20% Mn2+ not measurable air + 0.0 12, *
0.20% Mn2+ not measurable  air + added amine >350 1.5 12, *
3.5% C02+ not measurable air >350 0.04 12, *
3.5% C02+ not measurable  air + added amine i 0.0 12, *

T Not ferromagnetic. * This work.
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A.4 Magnetic data used for plotting Figure 3.3.1.1(a).
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Figure A.4.1. Raw 300 K SQUID magnetization data for the sample shown in Figure
3.3.1.1(a). (<) Bare substrate in a straw, showing net diamagnetism at 300 K. (®)

Spin-coated film of 0.2% Mn2+:ZnO N-capped nanocrystals, showing ferromagnetic
signal superimposed on the net diamagnetic background. All data reported in Figure
3.3.1.1 were obtained by subtraction of the net diamagnetic background from the
sample's raw magnetization.
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Appendix B: Supplementary Information to Chapter 4

B.1 IR versus <n> plot

Figure B.1.1 shows the change in the near infrared intensity with <n> analyzed

using the same statistical model used for the EPR intensity. The relative S-P.P-D
oscillator strength used in the calculation is 0.25, in good agreement with the

published ratio (~0:33) (ref. [1]).

Relative Integrated IR Intensity

<>

Figure B.1.1. The relative integrated near infrared intensity (®) plotted with the

calculated infrared intensity (00) based the same statistical model as for the EPR in
Figure 4.3.1.2.
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B.2. Concentration dependence on the EPR Lorentzian line broadening
To ensure that the concentration of ZnO quantum dots in the sample made no
significant contribution to the measured EPR line broadening, two samples of ZnO
with different quantum dot concentrations were measured and analyzed. The results in
Figure B.2.1 show that no sample concentration dependence of the Lorentzian line
broadening within the concentration range used, 62.8 4M and 628 £M ZnO quantum

dots. All samples measured in Chapter 4 are within this concentration range, ~280 xM

ZnO quantum dots.
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Figure B.2.1. EPR Lorentzian line width for colloidal ZnO quantum dot
concentrations of 62.8 yM (@) and 628 4M (m).



138

B.3 Correlating IR and <n>
Empirical correlation between integrated IR intensity and the average number
of electrons, (n). The expression was used to place the EPR data on an (n) scale in

Figure 4.3.1.2.
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Figure B.3.1. Results of the ZnO/methyl viologen titration experiments. The data
points (e) are from titration experiments with methyl viologen and the blue line is the

fit. The expression is used to place the EPR dataon a <n> scale in Figure 4.3.1.2.
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B.4 Spin-weighted Poissonian plot for S = Y only
The spin-weighted Poissonian probabilities for S, P, and D filling in an
ensemble of ZnO QDs where only the S = % is considered is shown in Figure B.4.1.

The calculated curve fails to adequately reproduce the curvature of the experimental

result of Figure 4.3.1.2.

Pla;n; <n>)
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Figure B.4.1. Spin-weighted Poissonian probabilities for S, P, and D filling in an
ensemble of ZnO QDs where only the S = }; is considered.

B.5 Information on the isotopic distribution of zinc in depleted zinc acetate

Table B.5.1. Isotopic distribution of zinc in depleted zinc acetate (Lot Number:

DZA2004AV7-11). Information provided by Trace Sciences International in the
Certificate of Analysis.

Zn-64 Zn-66 Zn-67 Zn-68 Zn-70
I=0 I=0 I=5/2 I=0 I=0
0.89% 32.38% 9.60% 55.10% 2.03%
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B.6 The inhomogeneous contribution, I'yg+, from the deconvolved EPR data

The inhomogeneous contribution, I'sg+ , from the deconvolved EPR data for

ZnO quantum dots (d = 4.60 = 0.4 nm, 298 K) as a function of < > .
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Figure B.6.1. Inhomogeneous contribution, g« , to the lineshape in each EPR
spectrum for ZnO quantum dots (d = 4.60 + 0.4 nm, 298 K) as a function of (n).
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