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DEFECTS IN ZINC OXIDE NANOCRYSTALS

Abstract

by Samuel Tesfai Teklemichael, Ph.D.
Washington State University
August, 2012

Chair: Matthew D. McCluskey
Defects in ZnO nanocrystals were investigated. While ZnO has potential for
optoelectronic applications, the lack reliable p-type doping remains a major challenge. We
provide evidence that ZnO nanocrystals contain uncompensated acceptors. IR absorption peaks
at liquid-helium temperatures suggest a hydrogenic acceptor with a hole binding energy of
0.4 - 0.5 eV. Electron paramagnetic resonance (EPR) measurements in the dark showed a
resonance at g = 2.003, characteristic of acceptors that involve a zinc vacancy. An EPR
resonance due to vacancy hydrogen complexes was observed after exposure to light.
Using infrared (IR) and photoluminescence (PL) spectroscopy, we have developed a
unified model for the acceptor and intragap surface states of ZnO nanocrystals. A PL peak was
observed at 2.97 eV, in agreement with the acceptor level observed in the IR. The temperature
dependence of the IR absorption peaks, which correspond to a hole binding energy of 0.46 eV,
showed an ionization activation energy of only 0.08 eV. This activation energy is attributed to
thermal excitation of the hole to surface states 0.38 eV above the valence band maximum.
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Therefore, while the acceptor is deep with respect to the bulk valence band, it is shallow with
respect to surface states. A strong red PL emission centered at 1.84 eV, with an excitation onset
of 3.0 eV, is attributed to surface recombination.
IR absorption peaks at liquid-helium temperatures, which correspond to electronic
transitions of the acceptor, disappeared after exposure to formic acid (HCOOH) vapor. This
observation is consistent with electrical compensation of the acceptor by the formate ion. The
energy level of the formate ion is estimated to be ~ 0.9 eV above the valence-band maximum.
Room temperature IR measurements show that the formate species are adsorbed on the surface
of ZnO nanocrystals. A broad PL peak centered at 3.2 eV, for samples exposed to HCOOH, is
attributed to an exciton bound to a formate species.
High field EPR measurements of ZnO nanocrystals showed new resonances, in addition
to the previously observed line at g = 2.003. We propose a model of two systems with an axial
center of g  = 2.003274 and g // = 2.007471 along with an isotropic center at g = 2.005254.
Samples exposed to HCOOH did not show a complete disappearance of the EPR resonances.
Instead, a decrease in intensity is observed.
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Chapter 1 Introduction

1.1

Oxide semiconductors
1.1.1 Background
Oxide semiconductors such as TiO2, ZnO, SnO2 and In2O3 have stimulated tremendous

interest in the past decade. They are attractive for numerous applications including gas sensors,
transparent conducting films, catalysis, energy storage and conversion, and optoelectronics [1-3].
Their nanostructures, in particular, have been widely investigated as gas sensors due to their
small dimensions, low cost, and high compatibility with microelectronic processing [4]. Owing
to their large surface-to-volume ratio and a Debye length comparable to the small size, they
demonstrate superior sensitivity to surface chemical processes. Yamazoe [1] showed that the
sensor performance is strongly improved when the size of the nanocrystals is smaller than twice
the Debye length (~ 3 nm for SnO2). The catalysis effect is another interesting field where high
surface area and size-dependent properties play significant roles. These important features have
led researchers to investigate nanostructured materials with a wide variety of experimental
probes. Size effect (quantum confinement), for instance, is well studied using Raman scattering
[5, 6].
The following sections will summarize the general properties and practical applications
of several wide-band-gap oxide semiconductors. I will then give a more detailed discussion on
ZnO nanostructures, the subject of this research.
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1.2

Titania (TiO2)
Titania (TiO2) is a wide band gap semiconductor that has been actively investigated due

to its range of applications. It exhibits two main crystalline phases, anatase (suitable for catalysis
and supports) [7] and rutile (used for optoelectronic purposes) [8]. Recent interest in TiO2
nanocrystals is fueled by its key role in the injection process in a photochemical solar cell with
high conversion efficiency. By using semiconductor films consisting of nanometer-sized TiO2
particles, O’Regan and Grätzel [9] improved the efficiency and stability of the solar cell.
Studying the adsorption of carboxylic acids, for the purpose of TiO2-based dye-sensitized
electrochemical devices, is also important [10]. Fourier transform infrared spectroscopy (FTIR)
is commonly used for studying the adsorption properties of organic species such as formic acid,
where formate signatures can easily be detected by IR [11].
1.3

Tin oxide (SnO2)
Tin oxide (SnO2) is another interesting semiconducting oxide material. Its large band gap

(3.6 eV at room temperature), high transparency in the visible region and high conductivity make
the material ideal for transparent conductive electrode on devices such as solar cells [12]. SnO2
nanoparticles have also been extensively used as a sensor material, owing to its high sensitivity
to low gas concentrations [1]. Using photoluminescence (PL) experiments, Faglia et al. [13]
reported that the visible emission of SnO2 nanobelts is quenched reversibly after exposing to
NO2 at ppm levels, indicating the strong sensitivity of SnO2. Moreover, Lu et al. [14] showed
that the sensitivity of nano-sized SnO2 powder, grown by sol-gel method, increased with the
reduction of particle size. They indicated that the response to 500 ppm CO increases drastically
for particles with diameter smaller than 10 nm. This size effect advantage of sensing is expected
to be the same in other oxide nanostructured materials.
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1.4

Zinc oxide (ZnO)
Zinc oxide (ZnO) is one of the most prominent and widely studied semiconductors in the

metal oxide family. Its wide band gap (3.37 eV) and large exciton binding energy (60 meV) [15]
ensure efficient exciton ultraviolet (UV) emission at room temperatures [16]. ZnO has been used
as a buffer layer for growth of GaN-based devices [17], as a transparent conductive oxide [18] in
solar cells [19], and as a transducer for micro electrical-mechanical systems [20]. ZnO
nanostructures offer promising applications in nanotechnologies and devices. Ferromagnetic
quantum dots could also be used in high density storage devices [21].
ZnO forms in the hexagonal wurtzite crystal structure (Fig. 1.1) with lattice parameters
a = 0.32495 nm and c = 0.52069 nm [22]. The ratio of c/a = 1.602 is close to the ideal hexagonal
structure, 1.633. The Zn atoms form a tetrahedral coordination with four O atoms, where the Zn
d-orbitals hybridize with the p-orbitals of O atoms.
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Figure 1.1: Hexagonal wurtzite ZnO.

1.4.1 Electrical properties
As-grown, ZnO is typically n-type in bulk and thin films [23, 24], which has long been
ascribed to native defects such as O vacancies or Zn interstitials [24-27]. However, theoretical
calculations show that the O vacancy is a deep donor [28] and cannot contribute to n-type
conductivity. Electron paramagnetic resonance (EPR) results also showed that O vacancy signals
could be detected only after high-energy electron irradiation [29, 30]. Zn interstitials are shallow
donors but are not stable at room temperature as pointed out by theory [28] and experiment [31,
32]. Given that native defects cannot explain n-type conductivity, impurities are likely play the
largest role. Recently it was shown that H and the group-III elements are present in bulk ZnO
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crystals and act as donors [33]. First-principles calculations have shown that H is a shallow
donor in ZnO [34], attracting attention to investigate its role in the electronic properties of ZnO.
The shallow donor nature of H in ZnO was confirmed experimentally using muon spin rotation
(µSR) [35] and electron nuclear double resonance (ENDOR) [36] techniques.
Reliable p-type ZnO remains controversial despite numerous reports in the literature.
Proposed acceptor dopants include substitution of N on O sites [37], and group-I elements such
as Li [38] and group-IB elements such as Cu [39] substituting on Zn sites. However,
experimental studies have shown that Li and Cu are deep acceptors [33]. Calculations have
suggested that N, once thought to be a hydrogenic acceptor, is actually a deep acceptor with
significant lattice relaxation [40, 41]. Recent experimental results are consistent with this deepacceptor model [42].
1.4.2 Optical properties
The optical properties of ZnO depend on both intrinsic and extrinsic effects. At the zone
center, the conduction band is mainly s like and the valence band is p like, splitting into three
levels (A, B, and C) due to spin-orbit and crystal-field splitting. PL measurements indicated that
the A free exciton has a binding energy of 60 meV [43], resulting in efficient excitonic emission
that persists at room temperature [16]. Room-temperature UV lasing has been demonstrated in
ZnO nanowires. Using PL experiments, Huang et al. [44] observed the lasing action in
nanowires via the evolution of the emission spectra with increasing pump power. ZnO has also
strong non-linear optical applications, exhibiting second-order nonlinear optical behavior [45].
The green luminescence band centered around 2.4 eV is the most commonly seen defect
emission in ZnO. Its attribution remains highly controversial. Early studies showed that Cu
impurities, common trace impurities in ZnO, cause green emission [46]. Later, native defects
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such as O vacancies [47] and Zn vacancies [48] were proposed as a main source. Theoretical
calculations [28] showed that the transition between the conduction band (or a shallow donor)
and the Zn vacancy acceptor level could give rise to a PL around 2.5 eV.
The primary focus of this work is to investigate the defect properties of ZnO
nanocrystals, with an emphasis on acceptor type defects.
1.4.3

Synthesis of ZnO nanostructures
Various methods have been adopted for synthesizing ZnO nanostructures, including sol-

gel method, thermal decomposition and colloidal synthesis [49-53]. Different precursors such as
zinc acetate, zinc nitrate, or zinc carbonate can be used in growing ZnO nanocrystals. During the
growth process, reaction of Zn salts with hydroxide ions is commonly involved [54]. In this
process, temperature, water content, and solvents are important growth parameters. The key
challenge in synthesizing ZnO nanocrystals is controlling of size uniformity and chemical
stability of the nanoparticles. Polymers such as polyvinyl pyrrolidone (PVP) can be used as
capping molecules to stabilize ZnO nanoparticles [55].
High-quality ZnO nanoparticles, with low cost, can be achieved by solid-state pyrolytic
reaction method as developed by Wang et al. [56]. In this method, zinc acetate and sodium
hydrogen carbonate were reacted at the reaction temperature. The zinc acetate forms ZnO
nanoparticles by a thermal decomposition process and the byproduct, sodium acetate, is washed
away with water. They demonstrated that the particle size is controlled by the pyrolytic
temperature. This approach of synthesizing ZnO nanocrystals has been used in this work.
1.5

Outline of the dissertation
Chapter 2 describes theoretical background related to this work. In chapter 3, the

experimental techniques used for this work are presented. Chapter 4 discusses the presence of
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acceptor related defects in ZnO nanocrystals, observed by IR spectroscopy. A unified model that
explains the presence of acceptor and surface states in ZnO nanocrystals is presented in
Chapter 5. Chapter 6 reports compensation of acceptors in ZnO nanocrystals by adsorption of
formic acid (HCOOH). A high field electron paramagnetic resonance (EPR) study of ZnO
nanocrystals is presented in Chapter 7. In Chapter 8 I will discuss on IR studies of copper doped
ZnO nanoparticles.
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Chapter 2 Theory

In this chapter, I discuss the theoretical background and explanations for the work
presented in chapter 4. The section follows the definitions, treatment and framework given in the
books by Cotton [1] and McCluskey and Haller [2].
2.1

Group theory
A group is a collection of elements which are interrelated according to certain rules [1].

For the set of elements to form a mathematical group, the following rules must be obeyed.
1. The product of any two elements, A and B, in the group and the square of each element
must be an element in the group: AB = C where C is also an element in the group. The
term product does not necessarily mean arithmetic multiplication. It can be any
combination of operations.
2. An element in the group, called the identity E, must commute with all others and leave
them unchanged: EX = XE = X.
3. The associative law, A(BC) = (AB)C, of multiplication must hold.
4. Every element must have a reciprocal, which is also an element of the group. The
element R is the reciprocal of S if RS = SR = E. Moreover, E is its own reciprocal.
The following symmetry operations can be performed to describe a particular molecule.


Inversion (i): If a molecule can be brought into an equivalent configuration by
changing the (x, y, z) coordinates into (-x, -y, -z), then it has an inversion symmetry.
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Proper rotation (Cn): A molecule with proper rotation symmetry can be brought to an
equivalent configuration if rotated, by an angle 2 , through an axis of rotation.
n
where n denotes the order of the axis. When an electron is considered, due to the spin,
a rotation by an 4



n

forms a set of rotations (double groups).

Improper rotation (Sn): A symmetry operation involving a proper rotation followed
by a reflection through a plane perpendicular to the rotation axis.



Reflection ( ): Reflection in a mirror plane can leave a molecule invariant.
Reflection in the mirror plane can be denoted either by

or

, depending on

whether the plane passes through the main axis of rotation or is perpendicular to it,
respectively.
2.1.1 Examples of point groups
Water (H2O)
The water molecule has a planar structure with a H-O-H angle of 105° (Fig. 2.1). The
following symmetry operations leave the molecule invariant.


A twofold rotation (180°) axis passing through O atom and bisecting a line between the
two H atoms.



Two vertical planes, one of which is the molecular plane.

Therefore the point group of H2O molecule is C2v.
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Figure 2.1: Water molecule.

Silicon (Si) with impurities
An example of a defect with a point group of C3v will be presented. Fig. 2.2 shows a B-H
complex in Si which has the following symmetry operations.


Two threefold rotations (120° and 240°) about the z-axis.



There are three vertical planes, one passing through each Si atoms. Therefore the point
group belongs to C3v.

Figure 2.2: B-H complex in Si, an example of C3v symmetry.
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2.1.2

Theoretical background
The symmetry operations discussed in section 2.1.1 can be described by a matrix T,

reducing the group theory to the algebra of matrices. The set of matrices, each corresponding to a
single operation in the group, can define a representation of the group, denoted by . If there are
two sets of matrices {A} and {B} which form representations of the group, then these
representations are said to be equivalent if they obey the rule:
{B} = C-1{A}C.

(2.1)

Eq. (2.1) states that there is an invertible matrix C such that for any matrix from set {A} there is
a matrix in set {B} which can be obtained by a unitary transformation. It is possible that a set of
matrices can be transformed into a new one so that all of the new ones can be taken apart in the
same way to give two or more representations of smaller dimensions. Such representation that
can be simultaneously block-factored is called a reducible representation. Otherwise it is called
irreducible. It is the irreducible representations of the group which are of interest to us.
The character  (R) of a given operation R is defined as the trace of a matrix of a given
operation. The character of the representation is given by the set of all characters for a particular
representation. A group can be described fully by a character table in the case of an irreducible
representation of a point group. The properties of such group representation and their characters
can be derived from one basic theorem, the great orthogonality theorem, which can be stated as
follows. The proof can be found elsewhere [3].

 [  R 
i

R

mn

][ j R m 'n ' ]* 

h
li l j

 ij  mm ' nn' ,

(2.2)
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where i R mn and  j R mn are the ith and jth irreducible representation of an operation R with
dimensions of li and lj, respectively. h is the order of the group. By applying this theorem,
reducible representations of a given group can be written as a sum of irreducible representations,
which has pivotal applications in electronic and vibrational properties of molecules.
2.2

Electronic properties of defects
In this section I will discuss the electronic properties of defects, with an emphasis on

hydrogenic impurities, relevant to the work in chapter 4.
2.2.1 Hydrogenic model
Defects in semiconductor crystals can introduce energy levels inside the band gap. The
energy levels can be referred as either shallow or deep, depending on the binding energy they
acquire. Donor (acceptor) levels that are close to the conduction band minimum (valence band
maximum) are called shallow. They form a low binding energy in which the electron (hole) is
given up to the conduction (valence) band at moderate temperature. Shallow donors (acceptors)
are called hydrogenic because they can be described as an electron (hole) orbiting an ion,
analogous to the hydrogen atom embedded in a homogenous medium with a relative dielectric
constant and an electron/hole mass that corresponds the effective mass of the particular band
extremum. For the derivation of the energy of a hydrogenic model, I will follow the treatment
provided in the book by McCluskey and Haller [2].
Consider an electron orbiting a positively charged phosphorous donor in a silicon crystal
as shown in Fig. 2.3. The Coulomb force of attraction between the electron and the phosphorous
ion is given by

F

e2
,
4 0 r 2
1

(2.3)
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where r is the radius of the orbit. The orbiting electron experiences a repulsive centrifugal force
which is given by Newton’s second law of motion,

F  m* a  m* v 2 / r ,

(2.4)

where m * and v are the mass and speed of the electron, respectively. Two important conditions
are considered in the Bohr model of a hydrogen atom, (1) the balance between the Coulomb
attractive and repulsive centrifugal forces and (2) the quantization of the angular momentum L
of the electron moving in a circular orbit. These two conditions can be mathematically written as

e 2 m*v 2

,
4 0 r 2
r

(2.5)

L  m*vr  n,

(2.6)

1

where n is a positive integer ( n = 1, 2, 3…). From Eqs. (2.5) and (2.6), the speed and the radius
of the electron can be solved as

v

r

e2
4 0 n

.

(2.7)

4 2  0 2
n .
e 2 m*

(2.8)

The radius of the orbit in the ground state n =1 (the donor Bohr radius) which measures the
extent of the bound-state wave functions of the electron, is given by

r0  (0.53Å)


*

m /m

.

(2.9)

The potential energy of the electron in a Coulomb potential is given by

EP  

e2
.
4 0 r
1

(2.10)
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Inserting the radius of the orbit from Eq. (2.8) into Eq. (2.10), the potential energy of the electron
will be

m*e 4
1
EP  
.
2
(4 0 ) n 2

(2.11)

Furthermore, using the speed and the radius obtained in Eqs. (2.7) and (2.8), respectively, the
kinetic energy E K of the electron can be calculated as

1 m*e 4
1
EK 
.
2
2 (4 0 ) n 2

(2.12)

The total energy E of the electron is given by the sum of the electron’s kinetic and potential
energies, written by

E  EK  EP  

1 m*e 4
1
.
2
2 (4 0 ) n 2

(2.13)

From Eq. (2.13) we notice that the quantization of the angular momentum leads to the
quantization of its total energy. For large values of n , the total energy becomes less negative and
approaches zero as n approaches to infinity. The donor binding energy E d is the energy
required to bring the electron from the ground state (n  1) to the conduction-band minimum,
given by

Ed 

 m *  1
1 m*e 4

 2

(13.6
eV)
2 (4 0 ) 2
 m  


.


(2.14)
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Figure 2.3: Bohr model for the phosphorus donor in silicon, showing an electron orbiting the
positively charged phosphorus ion.

The hydrogenic model is valid for acceptors as well. Substitution of a boron atom in a
silicon atom creates a deficiency of a valence electron. We can think of an acceptor atom
possessing an extra hole orbiting around the negatively charged boron acceptor (Fig. 2.4).
Equation (2.14) can be used to calculate the acceptor binding energy E a , where m * is the hole
effective mass. IR light can excite the hole into higher-energy orbits, resulting in spectral lines
similar to the 1 s-to-2 p transitions in hydrogen.

Figure 2.4: Bohr model for the boron acceptor in silicon, showing a hole orbiting the negatively
charged boron ion.
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The electron and hole binding energies in Si (  11.7) are E d  33 meV and E a  75
meV, respectively. The electrons or holes of shallow local impurities are strongly delocalized.
Their wavefuctions are extended over a large volume compared to the space taken up by each
host atom. Owing to this averaging over many host atoms, the crystal can therefore be
approximated as a continuous medium with an average dielectric constant  .
2.2.2

Helium-like systems
As single donors and acceptors are solid-state analogs of the H atom, one would therefore

expect double donors and acceptors to behave as He-like systems. In this section, we review the
properties of a He atom, where the solution to the two-particle Schrödinger equation can be
approximated using perturbation theory or the variational method. The Hamiltonian of the
system is given by:

H

P12 P22 2e 2 2e 2 e 2



 ,
2m 2m
r1
r2
r12

(2.15)

where r12  r1  r2 , r1  r1 , r2  r2 , r and P are the positions and momenta of the two
electrons, respectively. The last term is the interaction potential. In a neutral state, the interaction
between the two bound electrons results in mutual screening of the nuclear charge. In this case,
the spin and orbital degrees of freedom may be separated. The Pauli principle requires the total
state to be antisymmetric under an exchange of particles. For the ground state configuration,
(1s)2, only the spin singlet state (S=0) is allowed, since the space function is necessarily
symmetric. The calculated ground state energy is in better agreement with the experimental value
using variational method with Z (Zeff) as a variational parameter [5]. In this method, one can
guess that the ground state wave function of a hydrogen atom is a trial function of the form:
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r 0 ~ e r / a ,
where a 

(2.16)

a0
is regarded as the adjustable parameter in the trial function, a 0 and Z eff are the
Z eff

Bohr radius and effective nuclear charge respectively. The normalized trial function for the two
electrons therefore would be:
3
 Z eff
r1 , r2 0   3
 a
 0

  Z eff ( r1  r2 ) / a0
e
.



(2.17)

From Eq. (2.15), it can be obtained that,
__

H 0

p 12 P22
Ze 2 Ze 2
e2

0  0

0  0 0
2m 2m
r1
r2
r12

 Z eff2
5
= 2
 2ZZ eff  Z eff
 2
8


 e 2 
  .
 a0 
 

(2.18)

(2.19)

The energy is minimized for Z eff  1.6875 . This value is smaller than 2, since the nuclear
charge of 2e at the origin is screened by the negatively charged cloud of the other electron
(Fig. 2.5). This gives a calculated energy ( Ecal  77.5 eV) which is very close to the
experimental value ( Eexp  78.8 eV).
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Figure 2.5: Schematic diagram of a He atom.

The energies of the excited states of neutral He (He0) may be determined to first
approximation within the Hartree-Fock, or central-field approximation. The potential felt by the
electron in the excited state is effectively screened by the tightly bound (1s) electron. There is
small overlap between (1s) and (2p) orbitals. Following the approach given by Sakurai, the
energies of the state (1s)(nl) can be written as:

E  E100  Enlm  E,
where E is calculated by evaluating the expectation value of

(2.20)

e2
. From first-order perturbation
r12

theory, this is given by:

e2
 I  J,
r12

(2.21)

where I and J are known as direct and exchange integrals, respectively, and the upper (lower)
sign indicates singlet (triplet) states. Their values are given by:
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I   d 3 r1  d 3 r2  100 r1   nlm r2 
2

J   d 3 r1  d 3 r2 100 r1  nlm r2 

2

e2
.
r12

e2 *
*
r1 .
 100 r2  nlm
r 12

(2.22)

(2.23)

The above expressions qualitatively explain the relative positions of the singlet and triplet
states. For the singlet term, the orbital wave function is symmetric with respect to the exchange
of the two electrons, which have a non-zero probability of being at the same point in space. As a
result, the electron repulsion energy becomes large when the electrons are near each other,
increasing the energy of the singlet state. However, the orbital wave function of the triplet state is
antisymmetric under the exchange of the two electrons. This leads to a zero probability of being
at the same point in the space with smaller average electrostatic repulsion. The energy difference
between singlet and triplet states arises because of the symmetrization postulate, even though
spin does not appear explicitly in the Hamiltonian.
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Figure 2.6: Schematic energy level diagram for low-lying configurations of the helium atom,
showing exchange splitting of the 1s 2s  and 1s 2 p  configurations. The general term
symbol, 2 S 1 L , is used in the above figure where S and L denote total spin and total orbital
momentum quantum numbers respectively. The term, 2S  1, describes spin multiplicity. For
example, for the 1s 2s  configuration, one simply gets S  0 , L  0 (singlet state) and S  1 ,

L  0 (triplet state).

While substitutional sulfur or selenium impurities are double donors in silicon or
germanium, beryllium and zinc are examples of double acceptors in silicon or germanium.
Double acceptors are spectroscopically richer than neutral helium (He0). Unlike He0, there can be
splitting of the ground state as well as bound excited states. In addition, splitting due to the
exchange interaction is directly observable with IR spectroscopy because of the large spin-orbit
coupling.
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2.2.3 Wave function symmetry
Impurity wave functions can be classified according to their symmetry, where the
symmetry is defined as a set of point-group of operations that do not change the defect [1]. In
diamond and zincblende structures such as ZnTe, impurities have tetrahedral (Td) symmetry.
Impurities in wurtzite semiconductors such as ZnO possess trigonal (C3v) symmetry.
A point group can also provide valuable information about the degeneracy of electronic
states, important in the interpretation of absorption spectra. For example in a cubic crystal, the
2 p orbital has threefold degenerate wavefuctions, proportional to x, y, or z. Perturbing the
crystal along one direction, for instance in the z direction, lifts the degeneracy. In this case the p z
orbital will have different energy from that of p x and p y orbitals.
Table 2.1 illustrates a systematic way of classification of the symmetry of wave functions
and their degeneracy of common point groups. The symmetry of the wave functions is given in
Mulliken symbols and by the Koster notation. In the Koster notation 1 is totally symmetric
representation. The s orbitals of a hydrogen atom, for instance, have 1 symmetry. Symmetries
lower than 1 are represented by other symbols. The last column of the table shows functions of
a given symmetry. Functions in parenthesis are degenerate.
This principle can be illustrated by considering again the p orbitals in a zinc blend
crystals. By adding an impurity to the crystal, one lowers to Td symmetry. The three fold
degenerate orbitals, p x , p y , and p z (T2 symmetry), are proportional to x, y, and z functions,
respectively. However, in a wurtzite crystal the c axis is different from the a axes. As the
symmetry of the point group lowers to C3v, the orbitals are split into doubly degenerate E states
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(x,y) and one A1 (z) states. Further reduction symmetry to Cs results in splitting into two
nondegenerate A’ states and one A’’ state.

POINT GROUP MULLIKEN KOSTER DEGENERACY
Td

C3v

Cs

C1

FUNCTIONS
x2 + y2 + z2

A1

1

1

A2

2

1

E

3

2

T1

4

3

T2

5

3

(x, y, z); (xy, xz, yz)

A1

1

1

z; x2 + y2; z2

A2

2

1

E

3

2

(x, y); (x2 – y2, xy); (xz, yz)

A’

1

1

y; z; yz; x2; y2; z2

A’’

2

1

x; xy; xz

A

1

1

(All functions)

(2z2 - x2 – y2, x2 – y2)

Table 2.1: Common point groups and wave function symmetries. The symmetries are indicated
by Mulliken and Koster notations. (From Ref. [2].)
The ways these levels split can be summarized using compatibility tables. Table 2.2
shows the splitting of the T2 into A1 and E states, as one lowers the symmetry from T2 to C3v.
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In table 2.3, we see that when the symmetry is lowered to Cs, the A1 becomes A’ and the E state
splits into A’ and A’’.
Td

C3v

A1

A1

A2

A2

E

E

T1

A2  E

T2

A1  E

Table 2.2: Compatibility table for the Td point group, showing the level splitting as the symmetry
is lowered to C3v. (From Ref. [2].)
C3v

Cs

C1

A1

A’

A

A2

A’’

A

E

A’  A’’

A A

Table 2.3: Compatibility table for the C3v point group, showing the level splitting as the
symmetry is lowered to Cs or C1. In both cases the doubly degenerate E level is lifted. (From
Ref. [2].)
2.2.4 Acceptors wave functions
Acceptor wave functions are composed of the valence-band states at the Brillouin zone
center, k = 0. Since the valence band is composed of p orbitals ( l =1), it has a total angular
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momentum of j =3/2 since an electron spin is 1/2. Therefore one can consider a free hole with

j =3/2. When the hole is bound by an acceptor, it has an envelope function, similar to the donor
electrons. The total angular momentum of hole is given by

f  j  l ... j  l ,

(2.24)

where l is the angular momentum of the envelope function. Using spectroscopic notation, the
bound states of the acceptor can be written as:

nS 3 / 2 , for l  0,

(2.25)

nP1 / 2 , nP3 / 2 , nP5 / 2 , for l  1,

(2.26)

where the subscripts denote the value of f . Generally the angular momentum with l < 2 are
significant. Therefore the acceptors with the lowest energy states are 1S 3 / 2 , 2S 3 / 2 , 2 P1 / 2 , 2 P3 / 2 ,
and 2 P5 / 2 .
In the presence of Td symmetry, while the energy levels of the S 3 / 2 , P1 / 2 , and P3 / 2 are
only shifted, the degeneracy of the P5 / 2 level splits into two levels [4].
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Chapter 3 Experimental techniques

3.1

Fourier transform infrared (FTIR) spectroscopy
The main experimental technique employed in this work was Fourier transform infrared

(FTIR) spectroscopy [1-3]. It is based on the interaction of electromagnetic radiation with a
molecular system, mainly through the absorption of energy from the incident beam. The heart of
a FTIR spectrometer is a Michelson interferometer, consisting of a beam splitter, a fixed mirror
and a movable mirror (Fig. 3.1). A beam emitted by a source is separated into two parts and then
recombines at a semitransparent beamsplitter. The recombined beam travels through the sample
and finally hits the detector. The intensity of the output beam, the interferogram, is plotted as a
function of the optical path difference (Fig. 3.2). A plot of intensity versus frequency can be
obtained when the interferogram is Fourier transformed (Fig. 3.3).

Figure 3.1: Schematic diagram of a FTIR spectrometer.
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Figure 3.2: An example of an interferogram.

Figure 3.3: Fourier transformed spectrum.
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3.1.1

Fourier transform technique
In this section I will follow the treatment given in Ref. [1] to show the relation between

the interferogram and the IR spectrum. Let y z  and E k  be a Fourier pair which,
mathematically, can be written as:


y( z )   E (k ) exp(i 2kz)dk ,



E (k )   y( z ) exp( i 2kz)dz.


(3.1)
(3.2)

Consider two electromagnetic waves, y1 ( z ) and y 2 ( z ) , which are separated by an optical path
difference  :


y1 ( z )   E (k ) exp(i 2kz)dk ,

(3.3)

y 2 ( z )   E (k ) exp i 2k ( z   )dk.

(3.4)






Eqs. (3.3) and (3.4) represent the two waves after recombination at the Beamsplitter. Using
superposition principle, the recombined waves at the detector can be given as

y( z )  y1 ( z )  y 2 ( z )  





E(k )(1  exp(i2k )) exp(i2kz)dk.

(3.5)

By defining the resultant field E ( , k ) as


y( z )   E ( , k ) exp(i 2kz)dk ,


(3.6)

Comparison Eqs. (3.5) and (3.6) give us,

E ( , k )  E(k )1  exp(i 2k ).

(3.7)

The intensity or irradiance B(k ,  ) is given by
B(k ,  ) 

1
c 0 E * ( , k ) E ( , k ),
2

(3.8)
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where  0 is the electric permittivity of free space, c is the velocity of light in vacuum.
Substituting Eq. (3.7) into Eq. (3.8) we get
B( , k ) 

1
c 0 E 2 (k )[2  exp( i 2k )  exp(i 2k )].
2

(3.9)

Using the definition of cosine, Eq. (3.9) can be simplified as
B( , k )  c 0 E 2 (k )1  cos(2k ).

(3.10)

For a broadband source the total intensity as a function of optical path difference, known as the
interferogram, can be found by integrating over k :


I ( )  c 0  E 2 (k )dk   E 2 (k ) cos(2k )dk .
 0

0

(3.11)

For a zero path difference between the two beams (   0 ), Eq. (3.11) becomes

1
I (0)  c 0  E 2 (k )dk.
0
2

(3.12)

Substituting Eq. (3.12) into Eq. (3.11), we get
1

 
I
(

)

I
(
0
)
  c 0 E 2 (k ) cos(2k )dk .


2
 0

(3.13)

Writing the Fourier transform of the above integral, we have

1

c 0 E 2 (k )    I ( )  I (0) cos(2k )d .
0
2



(3.14)

Using the expression in Eq. (3.8), the final result becomes
 

1

B(k )  (constant)   I ( )  I (0) cos(2k )d .
0
2




(3.15)

For the general case, one can write the above Eq. as
 
1

B(k )    I ( )  I (0) exp( i 2k )d .

2



(3.16)
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To obtain the integral, a fast Fourier transform (FFT) method can be used [4].
3.1.2

Apodization and Resolution of a FTIR spectrometer
As shown in Eqs. (3.15) and (3.16), one would have to scan the moving mirror of the

interferometer an infinitely long distance, which is impossible since the optical path difference of
a FTIR spectrometer is finite. Apodization is a corrective procedure for modifying the basic
Fourier transform integrals. The complete interferogram can be effectively multiplied by a
boxcar truncation function, f (x) [5]:
f ( x)  1

if x  L,

(3.17)

f ( x)  0 if x  L.

The effect of multiplying the complete interferogram by the boxcar function is to get the
convoluted Fourier transforms of both functions. The Fourier transform of a box car function is a
function, sinc ( x)  sin( x) / x, [Fig. 3.4(a)]. As shown in the figure, the maximum has a series of
positive and negative side lobes, an artifact due to the abrupt truncation. The side lobes can be
reduced by the process of apodization, correcting the interferogram by multiplying it with
suitable apodization functions before applying FFT. The following are common apodization
functions:
Triangular:
f ( x)  1 
f ( x)  0

x
L

if x  L,

(3.18)
if x  L.
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Norton-Beer [6]:
n

  x 2 
f ( x)   C n 1     ;
n 0
  L  
k

k

C
n 0

n

 1.

(3.19)

Happ-Genzel [7]:
 x 
f ( x)  a  b cos
.
 2L 

(3.20)

Suppose one chooses a triangular apodization function. Its Fourier transform is
sinc2 ( x)  sin 2 ( x) / x 2 . As can be seen in Fig. 3.4 (b), the side lobes are greatly reduced.

sishhh

(a)

aa

(b)

Figure 3.4: Plots of (a) sin x  / x and (b) sin2 x  / x 2 functions.

The resolution,  in wavenumbers (cm-1), of a FTIR spectrometer is inversely related to
the maximum optical path difference  max used to obtain the interferogram.

36
~

3.1.3

1

 max

.

(3.21)

Phase correction
Practically, the interferogram is not symmetrical about zero path difference (ZPD). This

is because of the phase delays arising from experimental errors such as optical components,
detector, or electronic filters. A complex spectrum, instead of the real spectrum, results from the
Fourier transform of such an asymmetrical interferogram. Therefore it is necessary that the phase
be corrected. Generally the complex spectrum, S (k ), from the asymmetric interferogram, and the
true spectrum, B(k ), are related by the following equation:
S (k )  B(k ) exp[i(k )],

(3.22)

where (k ) is the wavenumber-dependent ‘phase’ and it is given by:

 ImS (k )
(k )  arctan 
.
 ReS (k )

(3.23)

More details on phase correction method are given in Ref. [8].
3.1.4

Advantages of a FTIR
Comparing to the linear slits in grating spectrometers, FTIR spectrometers possess large

area of circular aperture which allows one getting a higher throughput of radiation. This
advantage is known as Jacquinot or throughput advantage.
Another advantage is due to multiplex or Fellget’s advantage. In a FTIR spectrometer, all
the frequencies from the source hit the detector simultaneously. However in a dispersive
spectrometer, a particular spectral element is recorded in a particular time. The signal-to-noise
ratio (SNR) of spectra measured on FTIR will be greater than the SNR spectrum recorded on a
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grating spectrometer measured at the same time. More details on advantages of a FTIR can be
found Ref. [1, 2].
3.1.5

FTIR operation
IR spectra were obtained using Bomem DA8 FTIR spectrometer (Fig. 3.5). In this work,

the spectrometer was equipped with a heated ceramic globar light source, KBr beam-splitter, and
mercury cadmium telluride (MCT) or indium antimonide (InSb) detectors. The globar light
source is a black body radiator which emits a broad spectrum of wavelengths as low as 200 cm-1.
The KBr beam splitter works best in the ranges of 450 – 4000 cm-1. The detectors must be cooled
down to liquid nitrogen temperatures to reduce thermally excited current. The MCT detector is
sensitive to the IR light in the range of 450 – 5000 cm-1 but the InSb detector is much more
sensitive in the range of 1600 – 7000 cm-1.
In addition, the spectrometer has a vacuum system and an attached closed-cycle liquidhelium cryostat, capable of reaching 10 K, for low temperature measurements. Unwanted IR
absorption of H2O and CO2 can be reduced by evacuating the spectrometer using the vacuum
system.
A He-Ne laser, 632 nm, is used for an accurate position of the moving mirror. By
measuring the interference pattern created when the He-Ne laser is passed through the Michelson
interferometer, a high precision tracking of the path-length difference is achieved. A visible
white source is used to determine zero-path-difference (ZPD). Well defined maximum intensity
is produced at ZPD by a white light so that each mirror scan can be aligned and averaged before
taking the Fourier transform.
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Figure 3.5: Bomem DA8 FTIR spectrometer showing the scanning motor, source compartment
beam splitter, detectors (MCT and InSb) and the cryostat.
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3.2

Photoluminescence (PL) spectroscopy
Photoluminescence is a process by which an optical excitation of a semiconductor and

subsequent emission of the radiation by this system takes place. An emission process can simply
be expressed as the inverse of an absorption process of which is given by
Absorbance = log10 ( I 0 / I )  -log10 (T ),

(3.24)

where I 0 , I , and T are the incident intensity, transmitted intensity and transmission respectively.
However, while an absorption process is described by a mean free path for photon decay, an
emission process is described as a rate of photon generation per unit volume. In direct gap
semiconductors such as ZnO, above gap light excites an electron from the valence band
maximum to the conduction band minimum via a vertical transition in k , generating an electronhole pair. After absorption of electromagnetic radiation, the generated electron-hole pairs
recombine through either radiative or non-radiative processes which lead to an emission of
photons with characteristic energies.
In this section, I will discuss the basics of the following typical PL processes, commonly
observed in semiconductors materials. A reader is referred to Ref. [9-13] for more details on PL
processes.
3.2.1 Band-to-impurity transition
Impurities in semiconductors can give rise to specific luminescence. The impurities
could be either acceptors or donors on the crystal. Here I will consider an example of the
presence of a neutral acceptor (A0) in a semiconductor as shown in Fig. 3.6. An electron can be
excited from the valence band to the conduction band by an energy which is higher than the band
gap. This free electron at the bottom of the conduction band minimum can recombine with a hole
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trapped on the acceptor level. Such PL transition, known as band-to-impurity, emits a photon of
energy
h  E g  Ea ,

(3.25)

where h is the Planck’s constant (6.626 X 10-34 Js), v is the emitted photon frequency, E g is the
band gap energy and E a is the acceptor binding energy.

Figure 3.6: PL transition between a band and an acceptor impurity state.

Band-to-impurity transition is a simple way of determining an impurity binding energy in
a semiconductor material. This type of transition, however, is limited to low impurity
concentration (~1017 cm-3). If the acceptor concentration becomes large (~1020 cm-3) the impurity
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band could eventually merge with the valence band [10]. In such situation, the holes are no
longer localized on the acceptors and become free carriers.
3.2.2

Donor-Acceptor pair transitions
Quite often there is a situation where both donors and acceptors are simultaneously

present in semiconductors. In such case, the electrons from neutral donors (D0) can recombine
radiatively with the holes in neutral acceptors (A0), resulting in ionized donors (D+) and
acceptors (A-). Above gap light creates electrons and holes in the conduction and valence bands,
respectively. The carriers can become trapped and neutralize the D+ and A-, producing D0 and
A0, and the process resumes. Fig. 3.7 shows a donor-acceptor pair transition process (DAP
transition). Such PL process can be described by the following reaction.
D0 + A0 → D+ + A- + h .

(3.26)

Taking into account the Coulomb interaction between D+ and A-, the energy of the emitted
photon will be

h  E g  E d  E a 

e2
4 0 R

,

(3.27)

where E g is the band gap energy; E d and E a are the donor and acceptor binging energies,
respectively.  is the dielectric constant and R is the distance between the donor and the
acceptor. Eq. (3.26) holds true provided that R is much larger than the lattice constant. We
notice that the emitted photon energy is increased by the last term of Eq. (3.27).
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Figure 3.7: An example of PL process where donor-acceptor pair transition takes place. R is the
distance between the donor and acceptor atoms.

In this work, PL experiments utilized a JY-Horiba FluroLog-3 [14] spectrometer
consisting of an excitation source of 450 W xenon CW lamp, double-grating excitation and
emission monochromators (1200 grooves mm-1 grating) and a R928P photomultiplier tube
(PMT) as shown in Fig. 3.8. A beam of light from the source is filtered by an excitation
monochromator that allows a single wavelength of light to reach the sample. The sample
responds to the incoming radiation in the sample compartment and the resulting radiation is
filtered by an emission monochromator that feeds the signal to the PMT detector. By stepping
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either or both monochromators through a wavelength region, and recording the variation in
intensity as a function of wavelength, a spectrum is produced.
The double-grating excitation and emission monochromators make the Flurolog-3 model
capable of having improved performance in resolution, sensitivity, and stray-light rejection. To
improve the quality of the acquired data, the system allows the user with multiple options. A
high signal-to-noise ratio, for instance, can be obtained by using an appropriate integration time,
scanning a region several times and averaging the results, changing the bandpass by adjusting the
slit-widths, and smoothing the data mathematically.

Figure 3.8: Schematic diagram of Fluorolog-3, showing the source, double-grating excitation and
emission spectrometers, sample compartment module and PMT.
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3.3

Electron paramagnetic resonance (EPR) spectroscopy
Magnetic resonance spectroscopy is a powerful technique used to characterize defects in

semiconductors. The theory behind the subject is briefly given by Abragam and Bleaney [13] or
McCluskey and Haller [11]. The electron paramagnetic resonance (EPR) technique uses
microwave energy to detect unpaired electron spins. Defects in crystals that contain an unpaired
spin are EPR active.
The principle behind EPR can be understood when an electron is immersed in an external
magnetic field that points in the z direction. The z component of the electron spin magnetic
moment,  z , is given by

 z   g B ms ,

(3.28)

where g = 2.00232 for a free electron,  B is the Bohr magneton (9.274*10-24 Joule/Tesla), and

m s = ± ½. The energy E of a magnetic moment in a magnetic field
E

= g B Bm s .

can be written as
(3.29)

Therefore, the two spin-state (spin up and spin down) energy levels are given by the electronic
1
Zeeman energies, E   g B B as shown in Fig. 3.9. The separation in energy is proportional
2

to B and is given by
E  g B B.

(3.30)

By matching E with the appropriate photon energy h , known as resonance condition, an EPR
transition can be induced from a spin-down to a spin-up state.
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Figure 3.9: Schematic of Zeeman splitting for an electron of spin S = ½. The resonance position
is indicated by the vertical arrow.

Experimentally, it is more practical to keep the microwave frequency fixed while
sweeping the magnetic field. For a magnetic field of 340 mT and g  2, the frequency will be
~ 9.5 GHz, which is in the microwave region (X-band) of the electromagnetic spectrum.
Eq. (3.30) is not a complete story for an EPR experiment of materials. In reality, the
orbital angular momentum induced on the neighboring atoms by the spin produces deviations of
the g factor from the free-electron value. For a complete EPR treatment, interactions with the
crystal field, other electrons, and nuclear magnetic and electric quadrupole moments should be
considered [15].
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The EPR experiments were performed using a user facility at the Environmental
Molecular Science Laboratory (EMSL), located at Pacific Northwest National Laboratory
(PNNL). In this work a Bruker 380E EPR spectrometer, with an operating frequency of ~ 9.38
GHz, was used for an X-band experiment. An EPR experiment was also conducted using a high
field, W-band, EPR spectrometer which operates at 95 GHz. In both experiments, the sample
temperature was held at 77 K.
3.4

Electrical measurements

3.4.1 Conductivity and Resistivity
The electrical conductivity  of a material is given by:

  ne ,

(3.31)

where n is the free-carrier concentration, e is the charge of an electron, and  is the mobility.
The resistivity  is defined as the inverse of the conductivity:



3.4.2

1
.
ne

(3.32)

Hall Effect
The Hall effect is used to determine the free-carrier type and concentration [11]. Fig. 3.10

shows a standard Hall effect configuration where a magnetic field is applied in z direction and a
current is flowing in the x direction. A moving charged particle in the presence of an electric
and magnetic field experience a Lorenz force:
).

(3.33)

The force due to the magnetic field pushes the carriers in the  y direction, resulting to an
electric field,

pointing in the y direction. At equilibrium the Lorentz force becomes:
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)

.

(3.34)

From Fig. 3. 10, the Hall effect is given by

E H  Bv x ,

(3.35)

where v x is the drift velocity along the x direction.
The Hall coefficient is defined as

RH 

EH
,
jx B

(3.36)

where j x is the x component of the current density which is given by j x  nv x e . Therefore
Eq. (3.36) becomes
RH 

1
.
ne

(3.37)

this gives the expression for the carrier concentration n. The mobility can be given by



jx
.
neE x

(3.38)

Figure 3.10: Standard Hall-effect configuration.

Hall-effect measurements are can easily be made using a 4-probe method called Van der
Pauw geometry [16] which uses an arbitrary shaped samples. As shown in Fig. 3.11 (a), an
electric current i enters the sample at 1 and leaves at 2 and the potential difference between 4
and 3 is V . The resistance R1 , is defined as:
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R1 

V4  V3
.
i

(3.39)

In (b), the leads are rearranged so the current enters the sample at 2 and leaves at 3 and the
potential between 1 and 4 is measured. The resistance R2 , is given by

R2 

V1  V4
.
i

(3.40)

Figure 3.11: Van der Pauw geometry for resistivity measurements showing connections for (a)
R1 and (b) R2 .

By using conformal mapping, Van der Pauw showed that for flat conductive samples of arbitrary
shape the resistivity  of the material is given by
exp  dR1 /    exp  dR2 /    1,

(3.41)

where d is thickness of the sample. Eq. (3.41) can be simplified as



d R1  R2
ln( 2)

2

f R1 / R2 .

(3.42)

In most cases, the samples are nearly circular or square shaped, and f  1.
In this work, the resistivity for samples of ZnO:Al films were obtained using MMR
Technologies, Inc. variable Hall measurement system, capable of operating a temperature range
from 80 K to 700 K.
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3.5

Film deposition by sputtering
Magnetron sputtering is a plasma vacuum coating technique used to deposit a thin film of

a material onto a substrate [17]. In sputtering, a material is ejected from a target by bombarding
with argon atoms. The target atoms deposit on a sample in the vacuum chamber, resulting in a
thin- film coating. The plasma is concentrated by a magnetron around the target.
In this work, ZnO:Al film deposition was performed using a BOC Edwards Auto 306
Sputter Machine at Washington State University, Center for Materials Research (CMR), shown
in Fig. 3.12. The system consists of two main parts, the electronics stack and the machine
housing. Most of the control devices for the system are contained in the electronics stack. This
includes RF power supply, argon flow control, and magnetron selector switch. The vacuum
chamber, where the sputtering process occurs, and process control panel are the main
components of the electronics stack. The stack components mainly provide an input to the
vacuum chamber for the sputtering process.
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Figure 3.12: BOC Edwards Auto 306 Sputter Machine, showing its components.

3.6

Sample preparation for ZnO pellets
For IR spectra, solid pellets were made from a powder of ZnO nanoparticles using a

commercial hand press and die sets. Part of the hand press, a movable cylinder press, is used for
applying pressure onto the powder, which is loaded into a die set of 7 mm diameter. An
adjustable dial is used to set the position of the press. By controlling the exerted force onto the
powder, a pellet of thickness ~ 0.25 mm was prepared. In order to remove hydroxyl related
surface species, samples were baked out at 323 K inside the cryostat under vacuum before
cooling down to low temperature.
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Chapter 4 Acceptors in as-grown zinc oxide nanocrystals
4.1

Introduction
As I discussed in the introduction part of section 1.4.1, the lack of reliable p-type doping

has prevented ZnO from widespread use in optoelectronic applications. All proposed acceptor
dopants, including the most investigated dopant N, form deep levels [1-6]. In this chapter, we
provide evidence that ZnO nanocrystals contain hydrogenic acceptors as grown. Analogous to
the hydrogen atom, hydrogenic acceptors give rise to electronic transitions that can be observed
in the IR [7].
4.2

Synthesis of ZnO nanoparticles
ZnO nanoparticles were synthesized by solid-state pyrolytic reaction process [8-10]. In

this method, zinc acetate dihydrate [Zn(CH3COO)2·2H2O] and sodium hydrogen carbonate
(NaHCO3) are reacted at 200 oC for 3 hr in an open-air furnace. Details are given in Ref. [9].
Transmission electron microscopy showed that the particles have an average diameter of ~20 nm
(Fig. 4.1). The nano-powder was pressed into pellets of thickness ~ 0.25 mm with a diameter of
7 mm.

Figure 4.1: TEM image of ZnO nanoparticles.
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4.3

Hydrogenic acceptors
Low temperature (10 K) IR absorption spectra were obtained with a Bomem DA8 Fourier

transform infrared (FTIR) spectrometer. A KBr beamsplitter and InSb detector were employed
for the spectral range of 1800 cm-1 – 7000 cm-1, with an instrumental resolution of 2 cm-1. In
order to remove hydroxyl related surface species, the sample was baked out at 323 K inside the
cryostat under vacuum before cooling down to low temperature.
Figure 4.2 shows an IR absorption spectrum for the as-grown ZnO nanoparticles. The IR
absorption spectrum was calculated using Absorbance = log10(IR/I), where IR and I are the
transmission spectra for no sample (blank) and an as-grown sample, respectively. A quadratic
baseline was then subtracted from the absorbance spectrum. A series of peaks is observed in the
energy range of 425 – 457 meV. This result is suggestive of a hydrogenic acceptor spectrum with
a hole binding energy of 0.4 – 0.5 eV. Peaks did not shift in frequency for samples grown with
deuterated precursors, which argues against the involvement of hydrogen. Na acceptor atoms
were ruled out by growing nanocrystals using Li precursors, which showed the same set of lines.

Figure 4.2: Low temperature (10 K) IR spectrum of ZnO nanocrystals showing electronic
transitions.
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4.4

Electronic transitions
The series of IR absorption peaks is similar to those observed in other II-VI compound

semiconductors, such as shallow [11] and deep [12, 13] acceptor levels in cubic ZnTe. The
transition energies are explained in the framework of the theory of Baldereshi and Lipari [14]. In
this theory, within the spherical approximation, the acceptor Hamiltonian reduces to that of a
hydrogen atom modified by a spherical “spin-orbit” term, which can be thought as a spin-3/2
particle in a Coulomb potential. When the cubic term in the Hamiltonian is included, the
symmetry lowers to that of the point group Td. The wave functions of the holes are classified
according to the irreducible representations of this point group.
For the wurtzite crystal structure of ZnO, the point-group symmetry is C3v. The crystal
field and spin-orbit coupling split the valence band into three bands labeled A, B, and C
(Fig. 4.3). At low temperatures, the energy difference between A and B excitons has been
reported to be 15 meV [15]. As shown in Fig. 4.2, the sets of lines labeled a and b are offset by
~15 meV. We assign these transitions to excited states with holes originating from the A and B
valence bands, respectively.
The envelope functions of the ground state have nonzero probability densities at the
acceptor core, leading to a central-cell correction. However, the excited P states are less sensitive
to central cell corrections and are best described by hydrogenic wavefunctions. In a single hole
picture, the A valence band in C3v symmetry gives rise to a hole wavefunction with Γ4 symmetry
(double group notation). The acceptor P wavefunctions belong to the representations Γ1 x Γ4 = Γ4
and Γ3 x Γ4 = Γ4 + Γ5 + Γ6. The B valence band has Kramers doublet (Γ5, Γ6) symmetries, where
Γ5 and Γ6 are degenerate in the absence of an applied magnetic field. Figure 4.3 shows the
allowed acceptor levels and hole transitions (Appendix A), along with their assignments. The

56
observation of five main IR peaks is in agreement with our group-theoretical analysis. The side
bands of b1 and a2 could be due to a slight reduction of symmetry, from C3v to Cs.
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a2

∆AB

b1

4
b2

a3

5,6
A

k

∆AB~15 meV
B

C
Figure 4.3: Schematic energy-level diagram of ZnO showing acceptor levels and splitting of the
valence band. Hole transitions, which give rise to IR absorption peaks, are indicated by the
arrows.
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4.5

Electron paramagnetic resonance (EPR) results
Electron paramagnetic resonance (EPR) measurements were carried out with a Bruker

380E X-band spectrometer operating at 9.38 GHz and a sample temperature of 77 K. The
measurements showed resonances at g = 1.96 and g = 2.003 in as-gown ZnO nanocrystals in the
dark, prior to illumination by a xenon lamp (Fig. 4.4). The g = 1.96 resonance is associated with
shallow donors [16]. We attribute the resonance at g = 2.003 to hydrogenic acceptors. A new
signal at g = 2.013 appears after illumination. This center is consistent with nonaxial VZn-H
complexes, which were observed in electron-irradiated, bulk ZnO after illumination with 325 nm
laser light [17]. The VZn-H complexes are partially passivated Zn vacancies, with a hole residing
on one of the nonaxial O atoms. Exposure to light transforms (VZn-H)-, which is EPR-inactive, to
(VZn-H)0. The light also creates new centers near g = 2.003, which are attributed to axial VZn-H.

Figure 4.4: EPR spectra of ZnO nanocrystals taken at 77K. (a) Before illumination. (b) After
illumination for 12 min by a xenon lamp.
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In bulk ZnO, the EPR signatures for g = 2.003 acceptors only appear after illumination
[17]. This is because, in the dark, the acceptors are fully compensated by donors and are EPRinactive. ZnO nanocrystals, in contrast, appear to contain uncompensated acceptors. There are
two possible reasons for this. First, the nonequilibrium growth conditions may result in a high
concentration of vacancy defects [18]. Second, some of the nanocrystals may contain one
acceptor and no donors, simply due to the small number of atoms in the nanocrystals [10].
4.6

Conclusions
We have studied defect properties of ZnO nanocrystals at low temperature using IR and

EPR spectroscopy. The observed IR transition lines are consistent with a hydrogenic acceptor
hole binding energy of 0.4 - 0.5 eV. EPR measurements show that some of the nanocrystals
contain vacancy-hydrogen complexes (VZn-H). Given the existence of these complexes, it is
reasonable to speculate that the observed hydrogenic acceptor may be vacancy-related. While
VZn- and VZn-H acceptors are deep [19], the acceptor level for the neutral vacancy (VZn0) is
predicted to lie 0.2 eV above the valence- band maximum [20]. Our EPR measurements,
however, did not detect the VZn0 signature [21]. A second possibility is a VZn - donor complex,
which could contribute to the EPR resonance at g = 2.003 [16]. Considering the lack of suitable
acceptor dopants in ZnO, these defect complexes merit additional investigation.
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Chapter 5 Acceptor and surface states in zinc oxide nanocrystals: A unified
model

In chapter 4 we provided evidence that ZnO nanocrystals contain acceptors as grown.
The position of acceptor levels could be especially important at the interface between metals and
ZnO nanocrystals, which have been reported to exhibit large second harmonic generation [1]. In
this chapter, we present experimental evidence, using infrared (IR) and photoluminescence (PL)
measurements, which allow us to determine the acceptor level, along with the intragap surface
states responsible for red luminescence centered around 1.84 eV.
5.1

Experimental
The synthesis of ZnO nanoparticles used in this study is similar to that described in

chapter 4. IR spectra were obtained with a Bomem DA8 Fourier transform infrared spectrometer
with a KBr beamsplitter and liquid-nitrogen cooled InSb detector. Low-temperature
measurements were performed in an attached closed-cycle liquid-helium cryostat capable of
reaching 10 K. PL experiments utilized a JY-Horiba FluroLog-3 spectrometer consisting of
double-grating excitation and emission monochromators (1200 grooves/mm grating) and an
R928P photomultiplier tube (PMT). The PL spectra were obtained under the excitation source of
450-W xenon CW lamp with an instrumental correction for the wavelength dependent PMT
response, grating efficiencies, and the variation in the output intensity from the lamp. The IR and
PL spectral resolutions were 2 cm-1 and 1-3 nm, respectively.
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5.2

Acceptor ionization
In Chapter 4 we showed a low temperature (10 K) series of IR absorption peaks, in the

energy range of 0.425 - 0.457 eV, for the as-grown ZnO nanoparticles. The result was
characteristic of a hydrogenic acceptor spectrum with a hole binding energy of 0.4 - 0.5 eV.
These peaks were assigned to transitions to excited states with holes originating from the A and B
valence bands. Although the identity of the acceptor was not determined, electron paramagnetic
resonance measurements suggested that it may be a vacancy complex.
Figure 5.1 shows the temperature dependence of the integrated area, for one of the IR
peaks, indicating consistent results upon cooling and warming the sample. The inset shows the
IR peak, corresponding to a hydrogenic excited state, decreasing with temperature. The
disappearance of the peak at high temperatures is evidence of thermal ionization of the acceptors.
The solid line is a fit according a Boltzmann distribution function,
α(T) = α0 / [1 + g exp(-ΔE/kBT)] ,

(5.1)

where α0 is a constant, g is a degeneracy factor, ΔE is an activation energy, kB is the Boltzmann
constant and T is temperature (K). The fit yields ΔE = 0.08 ± 0.006 eV and g = 176 ± 67.
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Figure 5.1: Temperature-dependent IR absorbance area of the acceptor excited-state peak upon
cooling and warming of the sample. The solid line represents the fitting to the Boltzmann
distribution function [Eq. (5.1)]. Inset: IR absorption spectra of an acceptor peak, showing a
decrease with temperature.

5.3

Acceptor and surface states: A unified model
The activation energy ΔE is much lower than the hole binding energy of 0.46 eV. We

propose that the holes are thermally excited from the acceptor ground state to a band of surface
states that lies 0.38 eV above the valence-band maximum (Fig. 5.2). This model is qualitatively
consistent with ab initio calculations that predict the existence of surface states 0.5 eV above the
valence-band maximum [2]. According to our model, the acceptor is deep (0.46 eV) with respect
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to the bulk valence band but shallow (0.08 eV) with respect to the surface states. Since we are
measuring the integrated area of the IR peak, broadening due to electron-phonon coupling should
not affect the results. However, we cannot rule out the possibility that some of the decrease in
absorbance is due to thermal activation of phonon modes.

Conduction band

Surface states

2.97 eV

1.84 eV

Eg = 3.43 eV

E = 0.08 eV
Ea = 0.46 eV

Surface states

Valence band
Figure 5.2: Schematic energy-level diagram of ZnO showing the 0.46 eV acceptor level and
intragap surface states. Holes are thermally excited to surface states with an activation energy
 E = 0.08 eV. PL transitions are indicated by vertical downward-pointing arrows.

Figure 5.3 inset shows a low-temperature (10 K) PL emission spectrum at an excitation
wavelength of 375 nm (3.31 eV), for the as-grown ZnO nanocrystals. We observed a broad red
emission band centered around 675 nm (1.84 eV), similar to the red luminescence observed in
ZnO nanowires [3]. By measuring the intensity of the PL as a function of nanowire radius,

65
Shalish et al. [3] provided evidence that the red emission originates from surface recombination.
In the present work, a photoluminescence excitation (PLE) spectrum (Fig. 5.3) was obtained by
measuring the red emission band (at 650 nm) as a function of excitation energy. An onset is
observed at 3.0 eV. This feature is consistent with photon energies > 3.0 eV exciting electrons
from the surface states to the conduction band. The electrons then fall into surface states in the
upper part of the gap and recombine with the holes, resulting in red emission. Photon energies <
3.0 eV excite electrons into the upper surface states, but with a reduced efficiency due to the low
density of states.
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Figure 5.3: Low temperature (10 K) PLE spectrum of ZnO nanocrystals for the red luminescence
set at 650 nm wavelength. Inset: Red PL emission (excitation wavelength 375 nm).
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In general, surface states may involve defects and impurities. Hydroxides on the surface
of ZnO nanocrystals [4], for example, have been correlated with green emission [5]. The
previously mentioned surface states, calculated to be 0.5 eV above the valence band, arise from
oxygen-deficient surfaces [2]. However, there is also theoretical evidence that the surface states
may be intrinsic. Calculations by Kresse et al. [6] show that valence-band and conduction-band





surface states originate from the 000 1 O-terminated and (0001) Zn-terminated ZnO surfaces,
respectively. The surface valence band is quite flat, consistent with our model in Fig. 5.2 [7]. A
complete energy-level picture would likely involve a complex mixture of bulk, interface, and
surface states.
Figure 5.4 shows a low temperature (10 K) PL spectrum of ZnO nanocrystals under an
excitation wavelength of 325 nm. Peaks in the near-band-gap range of 3.18 eV – 3.35 eV have
previously been attributed to bound excitons and their phonon replicas. The PL peak at 3.35 eV
is due to the neutral donor bound exciton (D0,X) [8-10]. Low temperature PL peaks at 3.31 eV
and 3.22 eV have been attributed to TO and TO+LO phonon replica of donor bound excitons [8,
11]. Fonoberov et al. [12] attributed the PL peak around 3.31 eV observed at low temperature
(T < 150 K) in ZnO nanocrystals to acceptor-bound excitons (A0,X). They suggested that zinc
vacancies or surface defects could act as acceptor impurities. Fallert et al. [13] assigned the same
PL peak (around 3.31 eV), observed in ZnO powders at 5 K, to excitons bound to defect states at
the particle surface. The PL peak at 3.22 eV, recorded at 4.2 K, has been assigned to donoracceptor pair transitions involving a shallow donor and a shallow acceptor [14]. The emission at
3.26 eV and 3.18 eV could be due to LO phonon replicas of the donor-bound exciton [15].
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Figure 5.4: Low temperature (10K) PL emission spectrum of ZnO nanocrystals at an excitation
wavelength of 325 nm.

We now turn our attention to the emission peak at 2.97 eV. We attribute this peak to the
transition of a free electron to the neutral acceptor (Fig. 5.2). In the PL experiment, above-gap
light excites electrons into the conduction band. Electrons then fall from the conduction-band
minimum to the acceptor level, emitting a photon of energy 3.43 – 0.46 = 2.97 eV. This PL peak
supports the argument that ZnO nanocrystals contain acceptors, based on IR and electron
paramagnetic resonance measurements [16], with a hole binding energy of 0.46 eV.
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5.4

Conclusions
We have studied the defect and surface properties of ZnO nanocrystals, using IR and PL

spectroscopy, and developed an energy-level scheme to explain the observations. The measured
activation energy (0.08 eV) of the acceptors suggests a band of surface states 0.38 eV above the
valence-band maximum, in reasonable agreement with theoretical predictions (0.5 eV) [2]. The
presence of surface states also explains the observed red luminescence band centered at 1.84 eV.
The PL emission at 2.97 eV is consistent with an acceptor binding energy of 0.46 eV. While 0.46
eV is too deep to achieve bulk p-type doping, the low activation energy for exciting holes to the
surface states raises the intriguing possibility of p-type surface conduction.
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Chapter 6 Compensation of zinc oxide nanocrystals by adsorption of formic
acid (HCOOH)

In previous chapters we provided evidence that ZnO nanocrystals contain hydrogenic
acceptors as-grown. Although the identity of the acceptor is not known, EPR results suggested
that it is a zinc vacancy related complex [1, 2]. Using infrared (IR) and photoluminescence (PL)
measurements, we have developed a unified model for the acceptor and intragap surface states of
ZnO nanocrystals. In this chapter, by adsorption of formic acid (HCOOH) on ZnO nanocrystals,
we provide further experimental evidence for this model.
6.1

Experimental
ZnO nanocrystals were synthesized using similar methods discussed in the previous

chapters. The sample was exposed to HCOOH vapor for 15 minutes at room temperature. IR
spectra were obtained with a Bomem DA8 Fourier transform IR spectrometer with a KBr
beamsplitter. HgCdTe and InSb detectors were employed for the spectral ranges of
500 - 5000 cm-1 and 1800 - 7000 cm-1, respectively. Low temperature (10 K) measurements were
performed in an attached closed-cycle liquid-helium cryostat. PL experiments utilized a JYHoriba FluroLog-3 spectrometer consisting of double-grating excitation and emission
monochromators (1200 grooves mm-1 grating) and R928P photomultiplier tube (PMT). The PL
spectra were obtained with a double monochromator and 450 W xenon CW lamp as an excitation
source and an instrumental correction for the wavelength-dependent PMT response, grating
efficiencies, and the variation in the output intensity from the lamp. The IR and PL spectral
resolutions were 2 cm-1 and 1-3 nm, respectively.

72
6.2

Disappearing peaks: the silver (Ag) paint story
In previous chapters we showed a low temperature (10 K) series of IR absorption peaks,

in the energy range of 0.425 - 0.457 eV, for the as-grown ZnO nanocrystals. The peaks are
characteristic of a hydrogenic acceptor spectrum with a hole binding energy of 0.46 eV. These
peaks were assigned to transitions to excited states originating from the A and B valence bands.
The 0.46 eV acceptor level was also observed in low-temperature PL spectra [3]. In this section I
will discuss the story of the Ag paint which caused the disappearance of these peaks and
eventually which led us to investigate the effect of HCOOH on ZnO nanoparticles.
The story begins when I was using Ag paint for contacting my sample (ZnO pellet) with
the sample holder for IR measurements. We surprisingly observed that this series of IR peaks
disappeared when I used Ag paint as a contact. We thought, at the beginning, that electrons from
the Ag metal compensate the acceptors. To determine whether the disappearance of the peaks is
due to the Ag metal, I deposited pure Ag metal on a ZnO pellet and performed low temperature
IR measurements. However, the Ag-deposited sample showed our series of IR peaks. This result
surprised us because it was contrary to our initial hypothesis.
We then started thinking that the disappearance of the peaks could be due to the organic
solvent (thinner) in the Ag paint. Indeed, this was true. The peaks disappeared when I exposed
the sample to the thinner. However, the thinner is composed of several organic solvents. It was
necessary to identify the solvent mixture of the thinner. When I looked at the composition of the
thinner, it consisted of the organic solvents acetone, ethyl acetate and n-butyl acetate. I exposed
the sample to each of these organic solvents independently. The peaks disappeared only when I
exposed the sample to n-butyl acetate. In this way, we isolated the organic solvent responsible
for the disappearance of the peaks.
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It was necessary to further investigate on n-butyl acetate. N-butyl acetate is synthesized
using acetic acid. I exposed my sample to acetic acid, which also caused the peaks to disappear.
Then we convinced ourselves that the disappearance of the peaks is due to carboxylic acids in
general. This led us to choose the simplest carboxylic acid, formic acid (HCOOH). The peaks
indeed disappeared when I exposed the sample to HCOOH. Table 6.1 lists the organic liquids
used to induce the disappearance of the IR peaks.
Organic liquids
Acetone
Ethyl acetate
N-butyl acetate
Acetic acid
Formic acid

IR peaks
Remain
Remain
Disappear
Disappear
Disappear

Table 6.1: List of the organic liquids used to investigate the disappearance of the IR peaks.
Figure 6.1(a) shows an IR transmission spectrum of the acceptor peaks for the as-grown
ZnO nanocrystals at 10 K. A quadratic baseline was subtracted from the transmission spectrum.
The peaks disappear when the sample is exposed to HCOOH vapor [Fig. 6.1(b)]. This
observation is consistent with our claim that the peaks are due to neutral acceptors. We propose
that HCOOH gives electrons to the nanoparticles and thus compensates the observed acceptors.
It has been reported that formate species serve as effective electron donors (hole scavengers) on
ZnO quantum dots [4]. Studies have shown that HCOOH can be adsorbed dissociatively on the
-

ZnO surface at room temperature, resulting in a formate anion (HCOO ) and hydroxyl species
[5-7].
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Figure 6.1: Low temperature (10 K) IR transmission spectra of ZnO nanocrystals (a) before and
(b) after exposure to formic acid (HCOOH). The disappearance of the peaks indicates
compensation of acceptors by formate species. Spectra are shifted vertically for clarity.

6.3

Geometrical structures of the formate anion (HCOO-)
Three geometrical structures (unidentate, bidentate and bridging) have been suggested for

the types of coordination of the formate anion, as shown in Fig. 6.2 [5-7]. In ZnO, a surface zinc
ion interacts equally with two oxygen atoms of the formate ion in the bidentate structure,
whereas in the unidentate form, it interacts with one oxygen atom. In the bridging structure, two
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oxygen atoms of the formate ion interact with two zinc ions. The structures can generally be
identified based on the comparison of the splitting of the COO symmetric and asymmetric stretch
modes (  as s ). In general,  as s is larger than 200 cm-1 for a unidentate-type structure and
smaller than 110 cm-1 for a bidentate-type structure. For a bridging-type structure  as s is
expected to be between 140 - 200 cm-1 [8, 9].

Figure 6.2: Possible geometrical structures for the formate anion on the surface of ZnO.

Using IR spectroscopy, Noto et al. [10] have assigned the structure of the formate ion
adsorbed on a ZnO surface as bidentate. Crook et al., [11] using high resolution electron energy
loss spectroscopy (HREELS), indicated that the formate adopts a bidentate and monodentate-









type configuration on the 10 1 0 and 000 1 -O surfaces, respectively. Theoretical studies





(ab initio calculations) on the ZnO 10 1 0 surface suggest that bridging represents the most
stable adsorption mode [12].
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6.4

Adsorption of HCOOH on ZnO
Figure 6.3 shows room temperature IR absorption spectra for our ZnO nanocrystals

exposed to formic acid. The IR absorption spectra were calculated using Absorbance =
log10(IR/I), where IR and I are the transmission spectra for the as-grown and formic acid exposed
samples, respectively. The sample exposed to HCOOH, Fig. 6.3(a), shows two main features of
IR formate absorption bands (characteristic for carboxylic groups coordinated to a metal) at 1320
-

-

and 1640 cm-1. These peaks are attributed to symmetric  s (COO ) and asymmetric  as (COO )
stretch modes, respectively [8]. The magnitude of the splitting of their frequencies
(  as s = 320 cm-1), suggests that the formate structure is unidentate [Fig. 6.2(b)]. The peaks at
2892 and 790 cm-1 are assigned to the  (CH) stretch mode and  (CO2 ) bending mode,

respectively [13]. In order to confirm the adsorption of formic acid, we investigated the isotope
dependence of the IR spectrum. Fig. 6.3(b) shows the absorption spectrum for ZnO nanocrystals
after exposure to deuterated formic acid (DCOOD). The peak at 2171 cm-1 is assigned to the

 (CD) stretch mode [13]. This peak has the anticipated isotopic frequency shift from the  (CH)
stretch mode. The COO- bands formed from DCOOD are identical to those formed from
HCOOH. The peak at 1023 cm-1 has been observed previously [10] and has been assigned to the

 (CD) bending mode [13].
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Figure 6.3: Room temperature IR absorption spectra of ZnO nanocrystals after exposure to (a)
formic acid (HCOOH) and (b) deuterated formic acid (DCOOD). Spectra are shifted vertically
for clarity.

Figure 6.4 shows low temperature (10 K) PL spectra of ZnO nanocrystals, under an
excitation wavelength of 325 nm, before and after exposure to HCOOH. Peaks in the near-bandgap range of 3.18-3.35 eV have previously been attributed to bound excitons and their phonon
replicas [3]. The emission peak at 2.97 eV was attributed to the transition of free electron to the
neutral acceptor. This acceptor peak is no longer evident after exposure to formic acid. Instead, a
broad PL emission centered at 3.2 eV appeared [Fig. 6.4(b)]. We attribute this broad peak to an
exciton bound to a formate species adsorbed on the surface of ZnO nanocrystals. While the
details of this interaction are not known, an increase in the PL intensity after exposure to
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HCOOH, in the UV and visible (green) region, has been attributed to surface modifications
accompanying formate decomposition [14]. It has also been reported that the green emission [15]
correlates with hydroxides on the surface of ZnO nanocrystals [16]. However, the observation of
the broad PL emission around 3.2 eV after exposure to HCOOH, to our knowledge, has not been
reported previously.

Figure 6.4: Low temperature (10 K) PL emission spectra of ZnO nanocrystals at an excitation
wavelength of 325 nm, (a) as-grown and (b) after exposing to HCOOH. The spectra are
normalized to the same maximum intensity.
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6.4

The concept of redox potential
In this subsection, I will discuss the concept of redox potential, which will help us in

understanding the discussion about the energy level of HCOO- on ZnO (section 6.5).
The redox potential of a substance can be defined as the ease with which the substance
loses electrons and becomes oxidized (reducing agent) or gains electrons and becomes reduced
(oxidizing agent) [17]. It is a way of quantifying whether a substance is a strong oxidizing agent
(has a low electron transfer potential) or strong reducing agent (has a high electron transfer
potential). Since the process involves the transfer of electrons, the resulting charge separation
can be quantified as a potential difference measured between the ion electrode and a hydrogen
electrode under standard conditions. The standard redox potential of hydrogen is zero. The redox
potential can also be considered as the affinity of a substance for electrons or its electronegativity
compared with hydrogen.
Electron transfer occurs from an occupied quantum state to a vacant state. This can
happen when an electronic conductor (metal or semiconductor) is in contact with an electrolyte.
In semiconductor physics, the vacuum level has been adopted as a standard reference.
Electrochemists express redox potentials on a conventional scale, using the normal hydrogen
electrode (NHE) as a reference point. The energy of a redox E , using an absolute scale, is given
by
E  Eref  eVredox ,

(6.1)

where E ref is the energy of the reference electrode versus the vacuum level (an average value of
4.5 eV for NHE is used) and Vredox is the redox potential vs NHE [18-20]. Figure 6.5 shows
comparison of the energy scales, the absolute scale (eV) versus electrochemical scale (V). A
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substance with a negative redox potential donates electrons more readily than a substance with a
positive redox potential.

Figure 6.5: Energy scales comparison between (a) absolute scale and (b) electrochemical scale.
The references are indicated by the vacuum level and normal hydrogen electrode (NHE) for both
scales.
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6.5

Energy level of HCOO on ZnO

The standard redox potential of HCOO- in contact with TiO2 was reported to be 1.9 V vs.
NHE [21], or 2.53 V with respect to the conduction-band minimum. Assuming the conduction
band edges of ZnO and TiO2 are roughly the same [22] and taking the band gap of ZnO to be
3.43 eV, one can calculate that the formate ion level is deep, ~ 0.9 eV above the valence-band
maximum. Fig. 6.6 depicts the energy level diagram of ZnO showing the formate level along
with the previously proposed [3] acceptor and intragap surface states. According to this unified
model, a band of surface states lies 0.38 eV above the valence-band maximum. We refer to these
states as the surface valence band. Similarly, there is a surface conduction band that extends ~ 1
eV into the gap. This model explains the observation of a broad red emission band centered
around 675 nm (1.84 eV), which is attributed to surface states [23]. In the present work, exposing
the sample to formic acid did not shift the red emission spectrum of ZnO nanocrystals (not
shown), consistent with the deep formate level within the gap. The only unoccupied level that
can accept an electron from the formate anion is that of the acceptor. All other unoccupied levels
are higher than the formate level.
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Figure 6.6: Schematic energy-level diagram for ZnO showing the electronic level of the formate
ion, with the acceptor level and intragap surface states. Energies are in eV above the valenceband maximum.

6.6

Conclusions
We have presented experimental evidence that confirms the previously observed [24]

hydrogenic acceptors on ZnO nanocrystals using IR and PL spectroscopy, and developed and
energy-level scheme to explain the observations. After exposure to formic acid, the
disappearance of the low temperature IR transition lines indicates that formate ions compensate
the acceptors. Room temperature IR measurements show that formic acid is adsorbed on the
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surface of ZnO nanocrystals as formate species with a unidentate structure. The broad PL
emission at 3.2 eV for samples exposed to HCOOH is attributed to an exciton trapped by a
surface formate species. The energy level of HCOO- is estimated to be ~ 0.9 eV above the
valence-band maximum.
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Chapter 7 High field electron paramagnetic resonance (EPR) studies of zinc
oxide nanocrystals

As we discussed in chapter 4, although the identity of the acceptors in ZnO nanocrystals
is not known, EPR results in the X-band (at 9.38 GHz) suggested that it is a zinc vacancy related
complex. In this chapter, we further investigated the acceptors with a high field EPR
spectrometer in the W-band region. The advantage of using high field EPR spectrometer is that
the defect lines can be detected with high resolution, giving rich structural details. We also
conducted an EPR experiment with samples exposed to HCOOH to observe the correlation of the
disappearance of IR peaks discussed in chapter 6. The experiment was conducted at EMSL,
located in PNNL. This work is ongoing research.
7.1

Experimental
A similar procedure described in chapter 4 was used to synthesize ZnO nanoparticles. For

this experiment, instead of using sodium hydrogen carbonate (NaHCO3), we used potassium
hydrogen carbonate (KHCO3) as a precursor material. The purpose of using KHCO3 precursor is
to reduce the Mn EPR lines, observed in the high field, which overlap with the lines of our
interest. (The reason why KHCO3 results in less Mn incorporation is not currently understood).
In this method, zinc acetate dihydrate [Zn(CH3COO)2·2H2O] and KHCO3 are reacted at 150 °C
for 3 hr in an open-air furnace. The high field EPR spectrometer uses a Varian magnet which has
permanent leads (used to energize the coil that produces the magnetic field) and a persistent
mode switch, allowing the main field to either be swept or parked at an arbitrary field in the
range of 0-9.4 T. The magnet has an internal sweep coil of range +/- 700 G. For cryogenic
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experiments, the magnet is outfitted with an Oxford continuous flow cryostat. In this work, an
operating frequency of 94.8 GHz was used.
7.2

Results and discussion
Figure 7.1 shows low temperature (77 K) high field EPR spectra of ZnO nanocrystals. In

the as-grown sample, the measurement showed resonances at g = 2.003274, g = 2.005254, and
g = 2.007471 [Fig. 7.1(a)]. The resonances at g = 2.005254 and g = 2.007471 were not observed
in our previous X-band experiment. As discussed in chapter 4, the g = 2.003 line is attributed to a
hydrogenic acceptor, which may be related to a zinc vacancy complex. In this work, we propose
that we have two systems of defects. One has axial symmetry with g  = 2.003274 and

g // = 2.007471, and the other is an isotropic line at g = 2.005254. We did not observe a complete
disappearance of the resonances when the sample is exposed to HCOOH [Fig. 7.1(b)], unlike to
the complete disappearance of the IR peaks. Instead, we observed a diminishing intensity of the
peaks.
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Figure 7.1: High field EPR spectra of ZnO nanocrystals taken at 77 K (a) before and (b) after
exposure to formic acid (HCOOH).

Figure 7.2 displays the experimental (black) and fitted (red) high field EPR spectra of
ZnO nanocrystals. The data were fitted by numerical simulation of a randomly oriented powder
[1]. The Matlab/EasySpin codes are given in Appendix B. Best-fit parameters are listed in Table
7.1.
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Figure 7.2: Experimental (black) and fitted (red) EPR spectrum of ZnO nanocrystals.

g tensor type
Axial
Isotropic

g

g //
g

Best-fit parameters
2.003274
2.007471
2.005254

Table 7.1: EPR best-fit parameters of g value lines after fitting with EasySpin. Notice that the
g  and g // denote for the axial g tensors which are perpendicular and parallel to the easy axis,

respectively. The isotropic g tensor is represented simply by g.

In order to see the consistency of the result, we simulated the W-band spectrum using the
observed experimental g parameters and changed the simulation frequency to the X-band.
Changing the simulation frequency to X band resulted in isotropic line at g = 2.004, which is not
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in experimental quantitative agreement but it agrees qualitatively.

Figure 7.3 shows the

simulated spectra of the W and X-bands spectra. The Matlab/EasySpin codes are given in
Appendix C.

Figure 7.3: Simulated EPR spectra of ZnO nanocrystals in the W and X-bands showing an
isotropic line after changing to the simulation frequency to X-band. The X-band simulation
which gives a resonance at g = 2.004 is not consistent with the experimental EPR spectrum [Fig.
4.4(a)].

7.3

Conclusions
We have performed high field EPR measurements of ZnO nanocrystals, which showed

new resonances at g = 2.005254 and g = 2.007471, in addition to the previously observed line at
g = 2.003274. We propose a model of two systems with an axial center of g  = 2.003274 and

g // = 2.007471 along with an isotropic line at g = 2.005254. Samples exposed to HCOOH did not
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show a complete disappearance of the EPR resonances. Instead, a decrease in intensity is
observed.
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Chapter 8 Infrared studies of ZnO:Cu nanoparticles

Cu, a common trace impurity in bulk ZnO, has been widely investigated in the past
decades due to its interesting optical properties. The frequently observed green emission in ZnO
has been attributed due to Cu impurities [1, 2]. In ZnO lattice, Cu sits on a Zn site as Cu2+ (3d9)
charge state in a tetrahedral coordination and introduces electronic levels into the gap [4]. In the
presence of the tetrahedral crystal field, the 3d9 energy level is split into the 2E and 2T2 states. In
ZnO, these states are further split due to the trigonal crystal field and spin orbit coupling as
shown in Fig. 8.1. At low temperature, the intra-d transitions from the lowest sublevel of 2T2
state to two sublevels of the 2E state give rise to sharp IR absorptions lines at 5782 and 5820 cm-1
[4, 5]. The lines  ,  , and  (zero phonon lines), shown in Fig. 8.1, originate from an
intermediately bound exciton of the acceptor type, [Cu+(d9+e), h]. Under excitation, electrons
can be captured by Cu2+ (d9) and a hole is captured by the potential created by this tenth electron
forming [Cu+(d9 + e), h]. The electrons then return to Cu2+ state upon green emission [2, 6]. In
this section, I will present the concentration dependence of ZnO:Cu nanoparticles by probing the
electronic transitions of Cu2+ using IR spectroscopy.
8.1

Experimental
Similar synthesis procedure described in chapter 4 was adapted in synthesizing ZnO:Cu

nanoparticles. Cu doped zinc acetate precursor was used instead of pure zinc acetate. In this
procedure, 12.5 g of Zn(CH3COO)2·2H2O was dissolved in 20 ml of water at 80 °C and different
amounts of Cu(CH3COO)2, depending on the concentration needed, were added to the solution
(in this experiment 0.01, 0.05 and 0.075 % of Cu(CH3COO)2 were investigated). The solution
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was allowed to crystalize by drying overnight. Then using this precursor, ZnO:Cu nanoparticles
were grown.

Figure 8.1: Schematic energy-level diagram of Cu in ZnO showing hole transitions which result
in IR absorption peaks and green emission. (From Ref. [2].)

8.2

Results and discussion
Figure 8.2 shows Cu concentration dependence of low temperature IR absorption spectra

of ZnO:Cu nanoparticles. As shown in the figure, two absorption peaks at energies of 5781 and
5821 cm-1 were observed for Cu concentration higher than 0.01%. These absorption peaks arise
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from the intra-d transitions of the Cu2+ ion between the lowest sublevel of 2T2 state and two
sublevels of the 2E state, similar to the absorption lines observed in bulk ZnO [4, 5]. However,
we have observed a broader width of the absorption peaks in our nanoparticles than the bulk
crystals which could be due to inhomogeneous strains and/or electric fields. The as grown series
of IR peaks presented in chapter 4 were also observed in the ZnO:Cu nanoparticles (not shown
here). However, we found no conclusive evidence that whether the peaks are due to Cu
impurities or not.

Figure 8.2: Low temperature (10 K) IR absorption spectra of ZnO:Cu, showing dopant
concentration dependence of the intra-d transitions of Cu2+.
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8.3

Conclusions
We investigated dopant concentration dependence of ZnO:Cu nanoparticles, using

Cu-doped zinc acetate precursor, by probing the electronic transitions of Cu2+. The intra-d
transitions of Cu2+ ion were observed for Cu dopant higher than 0.01%. The observed transition
lines in our nanoparticles showed a broader width of the absorption peaks than in bulk crystals
which perhaps is due to inhomogeneous strains and/or electric fields.

97
References
[1]. R. Dingle, Phys. Rev. Lett. 23, 579 (1969).
[2]. P. Dahan, V. Fleurov, P. Thurian, R. Heitz, A. Hoffman, and I. Broser, J. Phys.: Condens.
Matter 10, 2007 (1998).
[3]. Y. Kanai, Jpn. J. Appl. Phys., Part 1 30, 703 (1991).
[4]. N. Y. Garces, L. Wang, L. Bai, N. C. Giles, L. E. Halliburton, and G. Cantwell, Appl. Phys.
Lett. 81, 622 (2002).
[5]. R. E. Dietz, H. Kamimura, M. D. Struge, and A. Yariv, Phys. Rev. 132, 1559 (1963).
[6]. G. Xing, G. Xing, M. Li, E. J. Sie, D. Wang, A. Sulistio, Q. L. Ye, C. H. A. Huan, and T. C.
Sum, Appl. Phys. Lett. 98, 102105 (2011).

98
Chapter 9 Appendices

A. Electric dipole allowed transitions in ZnO
In general, the intensity I of a transition from the state  i to the state  j can be
described by

I   i  j d ,

(A.1)

where  is the transition moment operator and the integration over all coordinates is represented
by  . The type of transition moment we consider here is the electric dipole-allowed transition.
For example the transition is said to be x polarized if the integral has a form

I x   i x j  0.

(A.2)

Using group theory, one can simply identify which transitions are allowed. The rule is
that the direct product representation for the ground and excited states be or contain an
irreducible representation to which one or more of the Cartesian coordinates belongs [1]. The
ground state is always totally symmetric. Therefore the direct product will in each case be the
same as the representations to which the excited state belongs. Equation (A.2) can be written in
general form as:
I  i x , y , z  f  0,

(A.3)

where i ,  f are irreducible representations for the ground and excited states, respectively. x. y , z
is the representation of the transition moment for light is polarized along the x, y, or z axis.
As discussed in section 2.2.4, the valence band is composed of p orbitals. For the C3v
symmetry such as in ZnO, the p x and p y , have 3 representation (two fold degenerate). Light
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polarized along the x or y axis can excite a transition from the ground state to one of these
states. The p z has 1 representation, which is totally symmetric. Light polarized along the z
axis can excite a transition to this state.
Due to the influence of spin-orbit coupling and crystal field, the valence band maximum
is split into three bands known as A, B and C states. These states have 4 , 5  6 and 4
symmetries (for C3v point group), respectively. Using group theory arguments and the direct
product of the group representations of these band symmetries, we can get the following
symmetries.
A state:
1  4  4 ,

(A.4)

3  4  4  5  6 .

(A.5)

Similarly for the B state:

1  5  5 , 1  6  6 ,

(A.6)

3  5  4 , 3  6  4 .

(A.7)

where the direct product were found using group multiplication table for the C3v point group
symmetry as shown in table A.1.
Therefore applying Equations (A.4) and (A.5) for Equation (A.3), for the A state, the
possible non-vanishing integrals are:

4 1 4 , 4 3 4 , 4 3 5 and 4 3 6 .

(A.8)

Similarly for the B state, the following have non zero integrals.

5 1 6 , 6 1 5 , 5 3 4 and 6 3 4 .

(A.9)
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Therefore based on the above group theory analysis the allowed hole transition states
which originate from the A and B valence bands are 4 , 5 and 6 .



1

2

3

4

5

6

1

1

2

3

4

5

6

2

2

1

3

4

6

5

3

3

3

1  2  3

4  5  6

4

4

4

4

4

4  5  6

1  2  3

3

3

5

5

6

4

3

2

1

6

6

5

4

3

1

2

Table A.1: Group multiplication table for the point group C3v. (From Ref. [2, 3].) (Notice: since
an electron spin is considered, we have double groups).
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B. Matlab/EasySpin codes for the high field EPR fitting

Sys1.g = [2.0038 2.0076];
Sys2.g = 2.0056;
Sys1.S = 1/2;
Sys2.S = 1/2;
Sys1.gStrain = [0.001 0.0001];
Sys2.gStrain = 0.0009;
Sys1.lw = 0.5;
Sys2.lw = 0.5;
Sys1.weight = 0.9;
Sys2.weight = 0.01;
Vary1.g = [0.00048 0.0018];
Vary2.g = 0.0002;
Vary1.lw = 0.001;
Vary2.lw = 0.001;
Vary1.gStrain = [0.00009 0.00005];
Vary2.gStrain = 0.00001;
Exp.mwFreq = 94.8;
% in GHz
Exp.Range = [3352 3412]; % in mT
Exp.Harmonic = 1;
% first harmonic
Exp.Temperature = 77; % temperature in Kelvin
Exp.ModAmp = 1;
Exp.Orientations = []; % (an empty array) for powder spectrum
Exp.nPoints = 5460;
% number of point spectrum
[B,spc] = textread('znokhfgcor.txt');
plot(B,spc);
FitOpt.Scaling = 'lsq';
SimOpt.Method = 'perturb';
FitOpt.Method = 'levmar fcn';
esfit('pepper',spc,{Sys1,Sys2},{Vary1,Vary2},Exp,[],FitOpt);
-- esfit -----------------------------------------------Simulation function:
pepper
Number of components:
2
Number of parameters:
8
Minimization method:
Levenberg/Marquardt
Residuals computed from: function as is
Scaling mode:
lsq
Terminated: Parameter step below threshold of 1e-006
--------------------------------------------------------Best-fit parameters:
Component 1
g(1):
2.003274
g(2):
2.007471
lw:
0.5007794
gStrain(1):
0.001649117
gStrain(2):
0.0004303407
Component 2
g:
2.005254
lw:
0.5000053
gStrain:
0.0008965738
Residuals of best fit:
rms 0.0584906
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mean abs 0.0299569, max abs 0.420622, std abs 0.050241
=========================================================
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C. Matlab/EasySpin codes for the W and X-bands EPR simulation

Sys1.g = [2.0038 2.0076];
Sys2.g = 2.0056;
Sys1.S = 1/2;
Sys2.S = 1/2;
Sys1.gStrain = [0.001 0.0001];
Sys2.gStrain = 0.0009;
Sys1.lw = 0.5;
Sys2.lw = 0.5;
Sys1.weight = 0.9;
Sys2.weight = 0.01;
Exp.Harmonic = 1;
Exp.Temperature = 77;
Exp.Orientations = [];
Exp.nPoints = 5460;
Exp.mwFreq = 94.8; Exp.Range = [3352 3412];
[Bw,specW] = pepper({Sys1,Sys2},Exp);
Exp.mwFreq = 9.859752; Exp.Range = [345 365];
[Bx,specX] = pepper({Sys1,Sys2},Exp);
subplot(2,1,1); plot(Bw,specW); axis tight; title('W band, 94.8 GHz');
ylabel('intensity (arb. units)');
subplot(2,1,2); plot(Bx,specX); axis tight; title('X band, 9.859752 GHz');
xlabel('magnetic field [mT]');
ylabel('intensity (arb. units)');
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D. Electrical properties of ZnO:Al thin film deposition by magnetron sputtering
This work presents the results of a project that was supported by Boeing on the work of
ZnO:Al thin film deposition by magnetron sputtering.
Al-doped ZnO thin films have recently attracted resurgent interest and showed a range of
applications such as transparent electrodes for photovoltaic devices and flat panel displays [1, 2].
It is stable in hydrogen plasma, which makes it a good candidate in replacing indium tin oxide
(ITO) films in amorphous silicon solar cells. ITO films produce a metallic layer in a reducing
plasma [3]. Different methods can be used to prepare ZnO:Al thin films such as metal-organic
chemical vapor deposition (MOCVD) [4], molecular beam epitaxy (MBE) [5], spray pyrolysis
[6], atomic layer deposition (ALD) [7], and magnetron sputtering [8, 9]. Among these
techniques, the sputtering process has an advantage due to the requirement of simple apparatus,
high deposition rate, and low substrate temperature. In this work the film deposition was
performed at Washington State University, Center for Materials Research (CMR).
D1.

Experimental
ZnO:Al films were deposited over a 3 inch diameter and 0.7 mm thick of borofloat glass

substrate using a BOC Edwards Auto 306 Sputter System. The glass substrates were cleaned
using acetone (ACE) and isopropanol (IPA) and dried in a flowing nitrogen gas before they were
introduced into the vacuum chamber. The sputtering target used in this experiment was
ZnO:Al2O3. Prior to the deposition, the chamber was pumped down overnight and reached a base
pressure of 1.2 X 10-6 Torr. ZnO:Al films were deposited by RF sputtering at a working pressure
of 0.03 Torr in an argon atmosphere. The RF power supply was 150 W. A deposition time of 1 hr
was used in this experiment. The film thickness was measured using an ellipsometer and was
estimated to be 285 nm. The sample was sealed in a quartz ampoule filled with 2/3 atm hydrogen
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and annealed at 350 °C for 1 hour. Temperature dependent electrical resistivity measurements
were performed using a standard 4-probe van der Pauw geometry.
D2.

Results and discussion
Figure D.1 shows the temperature dependent resistivity of ZnO:Al film annealed in

vacuum, showing a decrease in resistivity upon heating the sample. The sample resistivity at
room temperature was 22 Ω.cm and decreased to 0.2 Ω.cm when annealed to 500 K in vacuum.
The resistivity of the sample persists upon cooling. When the sample is isochronal air annealed
(288 – 500 K), a slight increase in resistivity (from 0.1 to 3.8 Ω.cm) was observed, as shown in
Fig. D.2.

Figure D.1: Temperature-dependent resistivity of ZnO:Al film annealed in vacuum, showing a
decrease in resistivity upon heating and recovering the resistivity upon cooling.
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Figure D.2: Temperature-dependent resistivity of ZnO:Al film annealed in air, showing a slight
increase in resistivity.

Similar observations by Schmidt et al. [10] have been reported on high-resistivity ZnO
bulk crystals. They observed that the electrical conductivity of ZnO is strongly influenced by the
sample ambient. Annealing under vacuum showed a decrease in resistivity of the sample, due to
the presence of conducting electron channel at the surface. This channel is destroyed upon
exposure to air. They proposed that the elimination of the surface channel is due to adsorption
processes at the surface or a change in surface reconstruction.
Figure D.3 shows the temperature dependent resistivity of ZnO:Al when the sample is
annealed in hydrogen at 350 °C for 1 hr prior to vacuum annealing. As shown in the figure,
annealing in hydrogen caused the resistivity to dramatically decrease, to the order of 10-3 Ω.cm,
due to an increase in free carrier concentration. It has been previously reported that hydrogen
plays an important role in controlling the electrical conductivity of ZnO [11, 12]. The observed
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decrease in resistivity upon annealing in hydrogen is consistent with previous results on ZnO
nanoparticles, attributed to an increase in free carrier concentration [13].

Figure D.3: Temperature-dependent resistivity of ZnO:Al film annealed in hydrogen, showing a
dramatic decrease in resistivity (compared to Fig. D.2) due to an increase in free carrier
concentration.

D.3

Summary
We have obtained ZnO:Al film on a glass substrate using magnetron sputtering. The

observed conductivity of the sample is strongly influenced by the sample ambient. Van der Pauw
results showed that vacuum annealing causes the resistivity to decrease with an increase in
temperature and persists upon cooling. Air annealing increased the resistivity slightly. Annealing
in hydrogen further lowered the resistivity due to an increase in free carrier concentration.
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