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Abstract

ZnO is a promising semiconductor material with a direct band gap energy of 3.3 eV which
makes it a good candidate for UV and visible range light emitting devices. The earth abun-
dance of ZnO coupled with the use of lower toxicity precursors such as oxygen make it highly
desirable from an industrial point of view. Metalorganic chemical vapor epitaxy (MOVPE)
provides the possibility of industrial scale growth of ZnO, with very fine control of impurity
dopants. Despite the vast recent literature on ZnO, there are very few studies of systematic
intentional doping. ZnO nanowires (NWs) can be grown easily on various substrates with
high crystalline quality and low defect densities and tend to exhibit reduced substrate in-
duced strain. This enables us to perform careful spectroscopic analysis of impurity related
optical transitions and identify the physical nature of various dopant species. A detailed
study of low temperature photoluminescence (PL) transitions in doped ZnO NWs, thin
films, and bulk crystals grown by MOVPE and chemical vapour transport (CVT) methods
is presented. The standard group III donors were first investigated. Donor bound exciton
(D°X) transitions previously assigned to Ga, Al, and In were confirmed in intentionally
doped samples. Group IV dopants such as carbon, and tin are interesting since they can
act in principle as double donors or double acceptors. We report four new shallow DOX
transitions (Z-lines), at 3360.8 (Z1), 3361.2 (Z2), 3361.7 (Z3) and 3361.9 (Z4) meV, which
can be greatly enhanced by co-doping with carbon tetrachloride and hydrogen. These shal-
low donors appear to be due to carbon impurities complexed with other unknown defects
in four distinct configurations. Carbon-doped samples also exhibit two distinct acceptors
with binding energies of 133 + 5 and 181 £ 5 meV. Doping concentration and temperature
dependent PL studies of unintentionally doped and Sn-doped ZnO single crystals confirmed
emission from the Iy DX transition which was recently proven to contain Sn on a Zn site.
Sb-doped ZnO NWs were grown in an attempt to produce p-type material as reported by
some groups. Our PL studies including Magneto PL, have shown that rather than p-doped
material, the addition of small amounts of Sbh-dopant resulted in a new PL transition at
3364.3 meV, which turns out to be the shallowest DX transition so far observed in ZnO.
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Chapter 1

Introduction

The wide-bandgap semiconductor ZnO is a material with great potential for optoelectronic
devices such as blue and ultraviolet light-emitting diodes (LEDs) and laser diodes. Its trans-
parency to visible light makes it an excellent choice for transparent electrodes in solar cells.
It is made from earth-abundant non-toxic materials and has the potential to replace gallium
nitride, the current preferred material for UV and near-UV solid state light emitters. Size
reduction in nanotechnology introduces new optical and electrical properties which lead to
surface and quantum confinement effects. The study of one dimensional (1D) materials has
become a leading research area in nanoscience and nanotechnology. A major advantage for
ZnO is that nanostructures, such as nanowires (NWs) and nanowalls, can be easily grown
on lattice-mismatched substrates. Nanowires grown on lattice-mismatched substrates have
lower defect densities and higher crystalline quality compared with thin film layers grown
on mismatched substrates due to the relaxation of internal stress [2].

The understanding of impurities and defects is critical to enable current and future
semiconductor devices. Undoped ZnO is usually n-type and it is difficult to make it p-type
because of the difficulty to form shallow acceptor levels, which is the main impediment
to the commercialization of ZnO semiconductor devices. Although this material has been
studied over fifty years [3, 4], many important questions remain, such as what is the main
source of the residual n-type conductivity and what is the underlying cause of the difficulty
of p-type doping.

In this chapter, we will provide an overview of ZnO and describe its crystalline and
electronic-band structure. We will also give a general view on the low-temperature lumi-

nescence of ZnO single crystals.
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1.1 Overview of ZnO

ZnQ is a binary compound semiconductor comprising elements from group-II; and group-VI
of the periodic table. Compared to GalN, which is a III-V compound and already widely
commercialized for LED devices, ZnO has interesting properties. They both crystallize
in the wurtzite structure and have similar bandgaps at room temperature (GaN: 3.4 eV
and ZnO: 3.3 eV) [5]. However, comparing exciton binding energies (60 meV in ZnO [6]
compared to 25 meV in GaN [7]) and the cost of creating high-quality material, ZnO is
potentially a better candidate for UV-blue light emitters at room temperature. ZnO can
easily be doped n-type but it is difficult to make it p-type. The reasons for this are still the
source of controversy. Although p-doping is the main impediment to make ZnO devices, the
origin of the donors in nominally-undoped ZnO is still unresolved. For example, the cause
of the residual n-type conductivity observed in most ZnO material has been attributed to
hydrogen donors, as well as Zn interstitials [8, 9]. Fig. 1.1 shows the position of Zn and
O (highlighted in pink) in the periodic table of elements along with the dopants that we
have studied throughout this work. Impurities that are studied in this work and previously
expected to act as acceptors (such as Sb) and donors (such as Al, Ga, In, C and Sn) are

highlighted in blue.
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Figure 1.1: The position of Zn and O in the periodic table of elements and highlighted
chemical dopants from group-III, IV and V investigated in this work.
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1.2 Defects in ZnO

Defects and impurities can form shallow donor or acceptor states and affect the optical
spectrum near the bandgap. Intrinsic defects such as interstitials, vacancies, dislocations
and stacking faults can cause undesired radiative and non-radiative recombination and
result in the appearance of additional emission lines. Well-studied intrinsic defects in ZnO
include Zn and O interstitials, Zn; and O;, and Zn and O vacancies, Vz, and V. Janotti
and van de Walle [10] have argued that Vo acts as a deep donor in ZnO with a binding
energy of ~1.0 eV and could be the dominant compensation center in p-type ZnO. Look et
al. [8] suggested that Zn; is the dominant shallow donor in ZnO and suggest that the PL
transition named I3, is related to it [11, 12].

Extrinsic defects in ZnO can be produced intentionally or unintentionally during the
growth process. The Zn site is often the substitutional site for numerous impurities including
group-I1I elements like Al, Ga and In. These behave as traditional semiconductor donors in
which the extra valence electron is contributed to the conduction band at room temperature.
On simple valence electron arguments, one would expect to obtain acceptors if group-V
impurities substitute on O sites. However, previous studies [13-15] have shown that As and
Sb occupy Zn sites. This was attributed to the large cost in strain energy of placing these
large group-V elements on the oxygen sublattice. Nitrogen is thought to occupy the O site
and has been widely investigated as a candidate for p-type doping in ZnQO, since its ionic
radius is similar to that of oxygen [16-19]. However theoretical calculations have predicted
a very large acceptor binding energy for substitutional nitrogen on the ZnO lattice [20].
Despite several reports of p-type ZnO, the reproducibility and stability of these results is

under question [3].

1.3 Crystal structure and electronic band structure of ZnO

ZnO crystallizes in the wurtzite structure as shown in Fig. 1.2. This is a hexagonal lattice
with lattice parameters a = 3.2495 A and ¢ = 5.2062 A [21]. Each Zn ion in the lattice is
surrounded by a tetrahedron of O ions, and vice-versa. ZnO has polar surfaces which are the
result of positively charged Zn?t and negatively charged O?~ ions in planes perpendicular
to the c-axis. The centers of positive and negative charges in ZnO do not overlap exactly,

which leads to polarization along the c-axis. The c-axis and c-plane are called the polar
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Figure 1.2: Wurtzite structure of ZnO.

axis and polar surface, respectively. If the ZnO crystals grow along the c axis, two different
polar surfaces will be formed at the end of the crystal as a result of the termination of
the structure and they are either Zn or O terminated surfaces. In the literature the (0001)
c-plane is called the Zn-face, while the (0001) c-plane is called the O-face.

ZnO0 is a direct bandgap semiconductor with a bandgap energy of 3.3 eV at room tem-
perature [22]. The conduction band is generated from the 4s electrons of Zn atoms with
s-like character and the valence band from 2p electrons of the oxygen atoms with p-like
character. Having zero orbital momentum (L = 0), the conduction band is not affected
by the spin-orbit interaction. On the other hand, the valence band, with a nonzero orbital
momentum (L = 1) is affected by the spin-orbit (Ay,) interaction and crystal field (A.f). In
the wurtzite structure of ZnQO, the crystal field causes the splitting of the valence band and
lifts the degeneracy between p.-like states and the p,y-like ones. The spin-orbit interaction
is relatively weak in this material compared with other common direct gap materials like
GaAs because of the relatively low atomic number of the anion atoms (oxygen) responsible
for the valence band states.

The order of the valence-band splitting in ZnO by the crystal field and spin-orbit cou-
pling has been under debate for decades [23-25] and recently was determined clearly [24, 26].
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Group theory is used to describe the symmetry of the electron’s wavefunctions in each
band [27, 28]. Fig. 1.3 shows a schematic sketch of the ZnO band structure. The valence
bands are labeled A (I'7), B (I'g) and C (I'7) [29]. The combined effect of the crystal field
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Figure 1.3: Schematic energy level diagram of the valence band splitting due to crystal field
and spin-orbit interaction.

splitting energy of 41.7 meV and the spin orbit splitting of -8 meV results in a complete
lifting of the degeneracy of the valence band as indicated in Fig. 1.3. The energy separation
between the A and B valence bands and B and C valence bands are 4.9 and 43.7 meV,
respectively [23]. It should be noted that the spin-orbit splitting in ZnO is different from
the A-B band splitting [29].

1.4 Luminescence processes in ZnO

Because of the direct gap nature of ZnO, crystal momentum is conserved after electron-hole
recombination without the need for a phonon. Optical emission can take place in three
steps: i) absorption of an above-bandgap photon and creation of an electron-hole pair,
ii) thermalization of the electron-hole pair to the conduction band minima and valence
band maxima, respectively and iii) emission of a photon at or below the bandgap energy.
The light emission is called photoluminescence (PL). PL is a nondestructive tool which
enables us to directly probe a semiconductor’s band structure and observe impurity-related
emission lines. ZnO has a variety of different luminescence lines in the visible and near UV
range, from 2.0 to 3.45 eV. In the following section an introductory overview of different PL

emission processes in ZnO is provided.
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1.4.1 Free excitons

In high-purity, high-crystallinity semiconductors, photoexcited electron-hole pairs feel a
Coulomb interaction which can make them bind together to form a quasi-particle called a
free exciton (FX). Absorption and emission due to FX are so-called intrinsic optical tran-
sitions as opposed to impurity-related or extrinsic transitions. The exciton is conceptually
similar to the hydrogen atom. If we consider electrons and holes as point charges with
effective masses, m} and mj, and taking into account the dielectric constant of the crystal,
then a simple modified Bohr model of the hydrogen atom can be applied where FX bound
states form just below the continuum band, as shown in the Fig. 1.4. This approach uses the
so-called effective mass approximation (EMA) in which the effect of the crystal potential
on an individual electron is incorporated by giving it an effective mass and a charge that
is screened by the dielectric constant of the bulk crystal. The Ry in Eq. 1.1 is the effective
Rydberg energy, which is modified by the relative dielectric constant €, and the reduced

*

571+ (m})~']7! and, corresponds to the exciton ground state

FX effective mass p = [(m
(n = 1). The kinetic energy of a free exciton can be separated into two parts: the center of
mass part due to its translational motion and a hydrogen-like part describing the relative
motion of electron and hole. Then we have [27]

RPK? Ry ~ —13.6(eV)

) R*

FE K)=F —_— ==
rx(n, K) gt 2M n2 4 g2 mo’

(1.1)

where M = m 4+ mj is the exciton effective mass, K is the wavevector of the exciton, E,
is the bandgap energy at k = 0, n is the principle quantum number.

Usually, it is easier to observe free excitons in optical transitions at low temperatures.
However, in ZnO, because of the very large exciton binding energy, FX transitions can be
observed up to room temperature. The sample quality is also very important to observe
free excitons i.e. low impurity concentrations are needed.

Fig. 1.4 illustrates the typical energy dispersion of free excitons. In ZnO, different exciton
states can be formed depending on which valence band (A, B and C) the hole is coming
from. According to group theory, the ground state symmetry of the intrinsic exciton (which
has a hole from the I'; valence band and an electron from the I'; conduction band) can
be found from the product of group representations of the corresponding band symmetries
as [27, 29]

Lrelr=Ts0 &l (1.2)
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Figure 1.4: Energy dispersion spectrum of free exciton.

Thus, three exciton states are expected, with symmetries I';, I's and I's. The I'y and T’y
states are believed to be accidentally degenerate, since no evidence of any splitting between
them has been reported in ZnO [29]. There is a separation between the I'; o and I's states
due to the different alignment of the electron and hole spins. In the case of the I'i 2
excitons, the spins are aligned parallel, whereas in the case of the I's exciton, the spins are
anti-parallel. At the center of the Brillouin zone, recombination of I's and I'y excitons is
dipole-allowed with emission polarization perpendicular (E Lc) and parallel (E || ¢) to the
crystallographic c-axis, respectively, while the I'y exciton is dipole-forbidden and cannot be

detected optically without an external perturbation like an applied magnetic field [29].

1.4.2 Bound-exciton transitions

At low temperatures, excitons may become bound to impurity defects in semiconductors,
losing some of their energy in the process. Bound-exciton (BX) transitions can be observed
by PL spectroscopy and are typically much sharper than free-excitons due to their localized
atomic-like nature. The energy difference between BX and FX transitions defines the lo-
calization energy, Ej,. of a given BX. BX have small localization energies (15-20 meV) and
typically delocalize at temperatures above ~50 K.

ZnQO is usually n-type since the dominant impurities are donors. At low temperatures
excitons can bind to these donor impurities and form neutral donor-bound excitons (D°X).

This is analogous to a hydrogen molecule except for the different binding energies due to
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the much smaller hole mass compared to that of the proton. Excitons can also bind to
ionized impurities, resulting in ionized donor-bound excitons (D*X). They are the simplest
bound-exciton system, consisting of an electron and a hole bound to an ionized donor. This
system is analogous to a hydrogen molecular ion and has one electron and two positively
charged particles. D1Xs have small localization energies (a few meV) and they disappear
quickly as the temperature of the sample is increased. The appearance of DTX at low
temperatures suggests the presence of residual acceptors that are partially compensating
the donors. Fig. 1.5 shows schematic diagrams of the physical process of PL transitions for
neutral and ionized donor-bound excitons.

In addition to D°X and D*X, an exciton can in principle also bind to a neutral acceptor
forming the acceptor-bound exciton (A°X). The energy position of the A’X transitions in
ZnO are suggested to be in the range of 16 to 25 meV for an acceptor binding energy of 165
meV [30]. There have been a few reports about A°X transitions in ZnO [31-33]. However,
none of these has been proven by detailed spectroscopic measurements, and most were later
shown to be due to DX transitions. It is worth noting that the very closely related material
GaN has a well documented A°X due to Mg acceptors.

Several sharp impurity-related transitions have been identified in the near bandgap PL
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Figure 1.5: Schematic diagrams of the physical processes of PL transitions for neutral and
ionized donor-bound excitons.

spectrum of ZnO. Reynolds et al. [34] established a labeling for these transitions from I; to

I1g, where smaller indices are related to smaller localization energies. However, one must
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read this early literature with care, since several of the lines were wrongly identified as A°X,
and others were wrongly identified as D°X rather than DTX.

Meyer et al. [23] studied these transitions in detail for ZnO single crystals and identified
the origin of many of them. In particular, they were able to clarify the identity of the
DYX and D*X transitions for the primary group-III donors. Muller et al. [35] identified In
DYX transition (Ig, 3356.8 meV) based on radioactive isotope implantation measurements
in ZnO single crystals. Johnston et al. [13] reported PL measurements on ZnO implanted
with radioactive isotopes of Ga and confirmed the Ga DX (Ig, 3359.9 meV) transitions in
the PL spectrum. Based on implantation studies of Schilling et al. [36] and their successive
annealing experiments, the Al DX transition (I, 3360.9 meV) increased in intensity and
was strongest in samples with Al concentrations above 9 x10'6 cm™3.

At temperatures about 4 K or lower, DYX transitions involve holes from the lowest energy
hole band, i.e. the A-valence band, however at higher energies excitons containing excited

holes from the B-valence band can also form and are referred to as DYX%. These transitions

occur 4.9 meV above their corresponding D°X4 transition [23].

1.4.3 TES transitions and Haynes rule

When an exciton bound to a donor impurity recombines, the electron of the remaining
donor can be in its ground state or be left in an excited hydrogenic state e.g. 2s, 2p, etc.
and give rise to the so-called two-electron-satellite (TES) emission. The TES transition is
red-shifted from the primary DX recombination line by the energy difference between the
relevant donor excited state and the 1s level energy. Fig. 1.6 shows a schematic diagram of
this process.

The EMA donor binding energy in ZnO is given by

*
me

R;,(Donor) = 13.6 eV (1.3)

moe

and is 50.15 meV where m} and € are the electron effective mass (0.28 mg) and dielectric
constant (8.75) in ZnO, respectively [5, 23]. Generally, the s-states tend to deviate from
the EMA value because the approximation of a point-charge core is not strictly correct.
Different donors have different core-electron structure which gives rise to a short-range
potential in addition to the Coulombic part. This is often called the central-cell potential

and it can be positive or negative. For group-III elements in ZnO the central-cell potential
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Figure 1.6: Schematic diagrams of TES transitions. 2s and 2p are excited states of the
donor. It should be noted that the scales of the transition lines in the figure are not the
same.

increases as we move down the periodic table. Despite several decades of study, there
is no accepted theory of central cell interactions that explains all the trends in various
semiconductors. The binding energies of the donor impurities in ZnO can be determined
from Ep = (Eg, — Eq5) + 12.61 meV where 12.61 is the energy difference between the 2p
energy level and the lowest conduction band energy [5]. The p-orbitals, having a node at
the origin, have negligible central-cell shift.

In 1960, Haynes [37] found empirically that the energy required to free an exciton from
a donor or acceptor impurity in silicon is a linear function of the donor or acceptor binding
energy. Impurities with similar electronic structure often obey this rule, but some transitions
due to structural defects in ZnO showed significant deviations [38]. These impurities might
have significantly different central-cell structures. The physical origin of this behavior is
not clear.

Despite the difficulty in achieving p-doped ZnO, there is considerable optical evidence
for acceptors in ZnO with binding energies of 130 meV and higher. This is in a range where
useful devices could be achieved if the doping concentration was sufficiently high. The
EMA value for the acceptor binding energy in ZnO is 104.8 meV using mj= 0.59 my [23]
in Eq. 1.3. However, there is still no credible report of A°X transitions and this means that

accurate measurements of acceptor binding energies in this material are not available since

10
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the corresponding two-hole transitions cannot be detected. This is one of the unresolved
issues in ZnO and is of high technological importance. In the very closely-related wide-gap
material GaN, a relatively deep acceptor due to Mg has a binding energy of 164 meV and
is sufficient to enable UV and blue LED technologies.

1.4.4 LO-phonon replicas

Phonons are quanta of the lattice vibrations and in ZnO there are 12 phonon bands, three
of them acoustic and nine optical. Acoustic modes are due to the in-phase movement of the
two atoms in the primitive cell while the optical modes are due to out-of-phase movements.
In polar semiconductors, the opposite displacement of oppositely charged ions induce a
long range electric field. The Coulomb interaction between the electron and the electric
field produced by an LO-phonon is called the electron-LO-phonon interaction. There is a
similar interaction for excitons that leads to the appearance of phonon-assisted emissions

of free and bound excitons in the PL spectrum (Stokes line).
Emn=Ezpr, —mEro —nEro (1.4)

where m and n are the number of created phonons, Ezpy is the transition energy of the zero
phonon line (ZPL), Erp and Epo are the energy of the longitudinal (LO) and transverse
(TO) optical phonons, respectively. Coupling to TO-phonon replicas is so weak that they
generally do not appear in the PL spectra of ZnO. The reported energy value of Brillouin
zone center LO-phonons in ZnO is 71-73 meV [39, 40].

Optical transitions such as free and bound excitons are often accompanied by LO-phonon
replicas, with an energy separation of 72.2 meV (1LO), 144.4 meV (2LO), etc. at the lower
energy side. Thus, the first-order LO-phonon replicas of the donor-bound excitons in ZnO
fall between 3290 and 3295 meV. However, the linewidths of the D?X-LO transitions are
~5 meV which makes the resolution of the peaks corresponding to each individual bound
exciton challenging. In chapter 3, the phonon replicas of several D’X transitions in ZnO

are unambiguously identified using a series of systematically doped samples.

1.4.5 Donor-acceptor-pair and free-to-bound transitions

Another type of radiative recombination can occur in a semiconductor if both neutral donors

and acceptors are present at sufficiently high densities. Fig. 1.7 shows a schematic diagram

11
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Figure 1.7: Schematic diagrams of DAP transition in the electron energy band structure as
a function of the real space coordinate z. The donor and acceptor atoms are separated by
the distance R.

of a donor-acceptor pair (DAP) transition. For sufficiently high densities of donors and
acceptors the wavefunctions of the electron bound to the donor and the hole bound to the

acceptor will overlap. The recombination energy of a DAP transition is given by

62

4meR

Epap=Ey;— (Ea+ Ep) + (1.5)

where E, is the bandgap energy, F4 and Ep are the acceptor and donor binding energies,
respectively and R is the pair separation. The last term on the right hand side of the
equation is the Coulomb energy of the ionized impurities after recombination which lowers
their energy. It can be seen from Eq. 1.5 that pairs with smaller values of R recombine
with higher emission energies. These close pairs also recombine more quickly, so that the
emission band becomes dominated by contributions from long-lived pairs in a pulsed ex-
citation experiment (TRPL). In ZnO, transitions in the range 3310 - 3210 meV are often
labeled as DAP, most of which coincide with the energy positions of phonon replicas in
ZnO [19, 41, 42].

There are some reports about the observation of DAP bands in the energy range of

3.21-3.24 €V in ZnO [16, 31, 43]. The possible acceptor associated with these observations

12
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was a nitrogen-related impurity of unspecified structural configuration.

Excitation-power and temperature-dependent PL measurements are useful tools to iden-
tify DAP transitions [16]. We will discuss them in detail in chapter 4 where we have observed
DAP emission in the carbon-doped samples.

If a free electron present at the bottom of the conduction band recombines with a hole
localized on an acceptor level, a photon with energy hv = E;, — E4 can be emitted. This is
called a free-to-bound transition (e,A°). Fig. 1.8 shows a schematic diagram of the (e,A)
transition.

These transitions dominate at intermediate temperatures or at room temperature when

Excitation

Figure 1.8: Schematic diagrams of (e,A°) transition.

the lower-binding-energy donor electron is excited into the conduction band. This transition
occurs at the high-energy side of the corresponding DAP peak at elevated temperatures.

e,A" is different from DAP since there is no Coulomb interaction and there is a free
electron and a bound hole involved. Due to the involvement of at least one free particle
(electron) in this transition it will have a Maxwell-Boltzmann lineshape and there will be
an asymmetric line-broadening of the high-energy tail at higher temperatures.

An e,A° transition has been suggested to occur in ZnO PL spectrum around 3310 meV.
This line has been the topic of controversy and has so far been attributed to various tran-
sitions including surface related bound excitons [44], and excitons bound to structural de-
fects [4, 45]. We will discuss this transition in our carbon-doped samples in chapter 4 in

more detail.
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1.4.6 Temperature-dependence of PL transitions

The temperature-dependent behavior of bound-excitons in ZnO has been studied in this
work and used in calculating their thermal activation energies. By increasing the tem-
perature the bound-excitons are thermally dissociated and become free excitons. Using
Boltzmann statistics and assuming a single bound-exciton level it can be shown that the

intensity of a bound-excitonic recombination as a function of temperature is

1(0)

Hr) = 1+ gexp(—Ey/kpT)

(1.6)

where 1(0) is the PL intensity at T = 0 K, E, is the exciton thermal activation energy, kp
is the Boltzmann constant and ¢ is the degeneracy ratio between the free exciton and the
bound-exciton. Eq. 1.6 can be rewritten as follows for two bound-exciton levels [46]

1(0)

1+ grexp(7E8h) + gaexp(755)

I(T) (1.7)

where F,; and E,y are activation energies and g1 and gy are degeneracy ratios. For I(0) we
use the PL intensity at the lowest temperature used in the measurements, which is typically
4.2 K.

Excited state transitions of the free or bound-excitons typically increase in intensity
with temperature due to thermalization. One example of this situation is when the hole of
the exciton is from the B-valence band instead of the A-valence band where the A-B band

splitting is ~ 4.9 meV in ZnO. In this case the PL intensities for DX# and D°X? will vary

as
1
I(A 1.8
() ey + exp(—Eq/kpT) (18)
exp(—AE/kgT)
I(B 1.9
B) o Ty xp(— kT (19)
where A and B are two excited states with a common ground state. Hence
I1(B) AE

In—~< =1 R — 1.1

BTy T T (1.10)

where C' is a constant.

If the value of AFE found from the slope of the graph intensity ratio vs. 1/7 matches
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Figure 1.9: Schematic diagram of two excited states that terminate on a common ground
state.

the spectral separation of the two close lines in the PL spectra, we can conclude that they
both terminate on a common ground state of a defect.

Under an applied magnetic field when T is constant and the separation AFE changes
with increasing magnetic field strength, the graph of intensity ratios vs. AE gives the slope
to be —1/kpT. We will discuss this in more detail in chapter 5 when we determine the

impurity type of the Sh-related DX center in Sb-doped ZnO NWs.

1.5 Influence of an external magnetic field

One of the powerful ways of investigating the physical nature of transitions in PL spectra
is to apply magnetic fields to the sample along specific crystal directions. This enables
the determination of charge state, electron and hole g-values, and impurity type (donor or
acceptor) of bound-excitons.

In this section, we will provide a general overview of the effects of external magnetic
fields on the ground and excited states of bound-excitons (DX and D*X). Excitonic states
can be considered as the initial (excited) states and the final (ground) state consists of the
impurity electron or hole left after recombination (donor or acceptor) in the case of BX
transitions. The splitting of the energy levels happens as a result of the interaction of the
spin of the unpaired particle (hole/electron) with the external magnetic field. The Zeeman
splitting energy is

AB =+ g gul B (1.11)

where pp is the Bohr magneton and g. and gy are the effective electron and hole g factors.

It should be noted that depending on the type of BX, g. and g, can be related to the final
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or initial states (see section 1.5.1.1). The excitonic g-value will be

Jexc = ‘ge + gh’ (112)

which is not isotropic. This means that its value can vary greatly depending on the crystal
orientation with respect to the applied magnetic feild. In wurtzite ZnO, free electrons
occupy an s-like conduction band and have an almost isotropic g value of 1.957 [47, 48].

For gy, the absolute value of the anisotropic hole g factor is given by

gn = \/‘92’2(30829 + ]g,ﬂQSiHQH (1.13)

where 0 is the angle between the magnetic field B and the c-axis. It is clear from Eq. 1.13
that when B is perpindicular to c-axis (BLC') we have gf; and when B is parallel to c-axis

(B || C) we have gl‘l.

1.5.1 Zeeman splitting of excitonic states

According to Thomas and Hopfield’s [49] study of the excitonic emission of CdS under a mag-
netic field, the Zeeman splitting behaviour of a BX strongly depends on the type of defect
center that the excitons binds to, i.e., whether it is a neutral or an ionized donor/acceptor.
In a neutral impurity center, DYX, where there is only one unpaired electronic particle in
the excited state, a simple linear Zeeman effect results. By contrast, in the ionized centers,

D*X, a more complex Zeeman pattern is observed.

1.5.1.1 Zeeman splitting of neutral impurity bound-excitons

In a donor/acceptor bound-exiton, the final ground state has a positive/negative core and
an unpaired electron/hole which will split into two distinct energy levels in an applied
magnetic field. The initial state of a D?X contains two paired electrons and a hole and the
splitting is determined by the anisotropic hole g-factor since it is the unpaired particle. In
the case of an AX transition, the electron will be the unpaired particle and an isotropic
electron g-factor determines the Zeeman splitting.

Figure 1.10 graphically illustrates the effect of magnetic field on neutral bound-excitons
for the cases B||C (Faraday configuration) and B_LC (Voigt configuration). For DX, the

magnitude of the hole g-factor depends on the direction of the magnetic field as given
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by Eq. 1.13. In the Faraday configuration, the parallel-hole g-factor gll is smaller than

ge- In the Voigt geometry the perpendicular-hole g-factor g,f is small. In the acceptor-
bound exciton case, apart from the differences mentioned earlier, the magnetic splittings
and optical transitions are equal to those of DYX. The energies of the Zeeman splittings of
DYX, for arbitrary angles # between the magnetic-field B and the direction of the c-axis,

can be determined by the equation
1
E = Eo+ 5upB|ge £ |gnl] (1.14)

where Ej is the spectral energy position of the bound-exciton without magnetic field and gy,
is given in Eq. 1.13. Fitting Zeeman splittings in different directions of the magnetic field
relative to the crystal c-axis with this equation provides the electron and hole g-factors.

It has been shown that the thermalization behavior of the emission components in the
Voigt configuration can be used to determine whether a bound-exciton is a DX or A°X [49].
Increasing the temperature will only affect the initial states of the PL transitions and under
an applied magnetic field, any change in the ratio of the intensity of the split features will
be from the initial states. As shown in Fig. 1.10, in the case of D°X, when the magnetic
field is perpendicular to the c-axis, the splitting in the initial state will be small due to a
g-factor close to zero. Therefore, the ratio of the intensities of the split features will remain
constant at different temperatures.

In the A°X case, the electron g-factor is responsible for the splitting in the initial state
and a change in the ratio of the intensities of the two split components will be observed.
Thus, thermalization can be used to determine whether a line is DX or A°X where a

g-value close to zero applies in one case.

1.5.1.2 Zeeman splitting of ionized impurity bound-excitons

There is no unpaired spin in the final state of the DX ionized bound-excitons, thus they
show no splitting in an applied magnetic field and in their initial state the electron and hole
spin of the exciton are unpaired. Thus, the Zeeman splitting of a D*X is determined by
the splitting of the DX initial state and has a magnetic field dependence similar to the
free exciton [5].

The Zeeman splitting for B||C and B_LC is displayed in Fig. 1.11 for the case of DTX

transitions. The most notable difference compared to DX transitions is that under a mag-
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Figure 1.10: Zeeman splitting of neutral bound-excitons in an external magnetic field. The
g-values in the initial and final states depend on the spin of the unpaired particles.
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Figure 1.11: Zeeman splitting of ionized bound-excitons in zero field and under an external
magnetic field. Taken from Ref. [5].

netic field perpendicular to the c-axis (Voigt configuration) a new lower energy line appears
and its intensity increases at higher magnetic fields. This behavior clearly differentiates the

D*X from the DX transitions [49, 50].

1.6 Summary and thesis layout

This thesis provides a detailed study of the PL properties of different donor impurities in
ZnO nanowires. The knowledge of the optical transitions related to dopant impurities in
ZnO has been clarified and expanded. This study is focused on the properties of excitonic
and non-excitonic transitions corresponding to various elements in the periodic table which
had the potential to make ZnO p-type or n-type. In the first chapter of my thesis, I have
presented an overview of ZnO band structure and its optical properties. Several topics have
been identified and will be addressed later in this thesis.

The experimental techniques applied in this work are described in chapter 2. They
include the growth method of the samples, low temperature photoluminescence, magneto

photoluminescence (MPL) and time resolved photoluminescence spectroscopy (TRPL).
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The experimental details and results are presented in chapter 3 to 5. In these chapters
we have discussed exclusively the effect of doping impurities from group-III, IV and V of
the periodic table on the PL spectra of ZnO nanowires.

Finally, in chapter 6 concluding remarks and future outlooks are provided.
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Chapter 2

Experimental Techniques

This chapter provides an overview of the experimental methods used for ZnO nanowire
(NW) growth and characterization. High-resolution low-temperature photoluminescence
(PL) measurements were performed along with magneto-PL and time-resolved PL to op-
tically characterize ZnO samples grown by metalorganic vapor phase epitaxy (MOVPE).

Scanning electron microscopy (SEM) was used for structural characterization.

2.1 Growth of ZnO NWs and bulk crystals

The majority of the samples studied in this work were ZnO NWs (undoped and intention-
ally doped) grown at Simon Fraser University (SFU) by MOVPE. The growth was done by
postdoc fellow, Senthil Kumar, in the MOCVD lab. Several bulk single crystals of ZnO (un-
doped and Sn doped) were received from Oak Ridge National Laboratory (ORNL) grown by

chemical vapor transport (CVT) and their corresponding results are presented in chapter 4.

2.1.1 Metalorganic vapor pressure epitaxy (SFU)

One way to grow epitaxial single crystal NWs on single crystal substrates is by the MOVPE
technique. In this process the precursors (organometallic chemicals) decompose in the vapor
phase and react on a heated substrate to form a solid crystalline thin film. The precursor
molecules, which are usually in the liquid state and stored in stainless bubblers, need to
be transported to the growth chamber (reactor). A pure carrier gas such as nitrogen in
our case flows into the liquid precursor through a bubbler dip tube, collects the reactant

molecules and transfers the saturated mixture toward the reactor. The amount of the
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precursor transported to the reactor can be adjusted by controlling the flow rate of the
bubbler carrier gas as well as the temperature and pressure of the bubbler. The mixture
of nitrogen and precursor gas is then mixed with a large nitrogen carrier gas flow, which
transports the precursor gases to the hot growth zone. Fig. 2.1 shows a schematic diagram
of the horizontal reactor chamber used to grow ZnO NWs for this study.

The substrate is placed on a slab of silicon carbide called the susceptor, and is heated by

Quartz liner¢__
N

N, gas ‘ / Reaction Chamber

—>
’T:EEI l_l —_ L
N,O gas + SiC Suscepto
U Graphite heater| l
t -
MO gas substrate T
pump

Figure 2.1: Schematic diagram of the MOVPE reactor chamber for the ZnO NW growth
(SFU).

a resistance heater located below the suceptor. During the growth, a thin stagnant boundary
layer of carrier gas resides directly adjacent to the heated substrate. The metalorganic
chemicals diffuse through the boundary layer and approach the surface of the substrate
and get heated and decomposed into organic radicals and source elements. After or during
the decomposition, physisorption happens by weak Van der Waals forces between source
radicals and the surface. These molecules can then migrate on the surface to form multiple
chemical bonds and be incorporated into the crystal. The by-products of the reaction along
with some of the precursor materials that did not decompose will reach the exhaust where
they are oxidized by a large flow of air. In this work we have used dimethylzinc (DMZn)
and nitrous oxide (N2O) as precursors for Zn and O, respectively, and nitrogen was used as
the carrier gas. ZnO NWs were spontaneously formed on sapphire c-plane substrates and
the growth temperature and pressure were 605 °C and 700 Torr, respectively. For different
doping experiments we have used different precursors as listed in Table 2.1. The details of
the flow rates for each doping including the temperature and pressure of the bubblers and

molar ratios are summarized in Appendix A.
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Table 2.1: A summary of the organometallic precursors used in this study.

Abb. Name Chem. Form.
TEGa  Triethylgallium (CoH5)3Ga
TMIn  Trimethylindium (CHg3)3In

TMAA Trimethylamine-alane AlH3N(CHj)s
Carbon tetrachloride  CCly
TMSb  Trimethylantimony (CHs)3Sb

2.1.2 Chemical vapor transport (ORNL)

In addition to the MOVPE ZnO NW samples grown at SFU, bulk Sn-doped crystals grown
by chemical vapour transport (CVT) were provided by Dr. Lynn Boatner of Oak Ridge
National Laboratory. The CVT growth was accomplished by the reduction of polycrystalline
spheres of ZnO that are placed in a heated alumina tube. The process consists of two steps:
the initial step involves the reduction of ZnO with hydrogen gas at the temperature of
1250°C to provide a concentration of zinc in the region where the bulk crystal growth is to
take place. The zinc vapor is transported to the cooler growth region by a nitrogen carrier
gas. In the growth chamber, which consists of a larger tube of AlsO3, the crystals grow. Sn
doping was achieved by mixing 0.15 mol% of SnOy with the starting ZnO polycrystalline
material. The CVT process yielded needle shaped rods ranging in diameter from 0.2 mm

to 2 mm and up to 15 mm in length.

2.2 Optical characterization techniques

PL spectroscopy is a nondestructive technique to characterize semiconductor materials.
In a typical PL experiment laser light with an energy higher than the bandgap of the
material excites electrons from the valence band to the conduction band creating electron-
hole pairs which then thermalize rapidly to the band extrema, where they can form short
lived bound states such as free excitons, and impurity bound excitons. These bound states
can then recombine radiatively in the case of direct-gap materials. This recombination
leads to optically detectable photons. In a PL experiment the number of photons emitted
is measured as a function of energy.

Steady state, zero magnetic field PL. measurements in this work were performed in our
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lab at SFU while magneto PL and time-resolved PL measurements were performed at the

Technische Universitit of Berlin (TUB), Germany.

2.2.1 Photoluminescence

In this section, a general overview of the PL setup used in our lab is outlined. This PL
system could collect signals ranging from ultraviolet (UV) to visible light. A schematic of

the PL experimental set up is shown in Fig. 2.2.

computer

. Discriminator

Spectrometer

SPEX 1404
G: Grating
‘ M: Mirror
A L: Lens
E \ HeCd Laser - Filter
M1 S: Slit

Cryostat PMT: Photomultiplier tube

Figure 2.2: A block diagram of the optical setup for photoluminescence measurements
carried out at SFU.

2.2.1.1 Excitation source and optics

PL was excited using the 325.031 nm line of a HeCd laser with a total power of 25 mW.
M1 and M2 are reflecting UV laser mirrors with a diameter of 25.4 mm and were used
to steer the laser light toward the sample. Two filters were used to cut off visible light

and the other laser plasma lines so that highly narrow spectrum laser light was produced.
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The luminescence coming from the sample was then collected by a 75 mm x 75 mm UV

enhanced aluminum 1/4 wave mirror.

2.2.1.2 Cryostat

ZnO samples were mounted on a copper block in a dewar (Janis Corporation Varitemp)
and were held in place by teflon tape. Liquid helium flow was maintained in contact with
the bottom of the copper holder cooling the samples down to 4.2 K. The level of the liquid
was maintained just below the sample laser spot so as to eliminate the bubbling that would
be caused by direct immersion in liquid He. A temperature range from 4 to 325 K could be

achieved during the PL measurement.

2.2.1.3 Spectograph and detector

The collected luminescence was then focused by a quartz lens with 50 mm diameter, and 150
mm focal length onto the entrance slit (S1) of the spectrometer. The spectrometer spectrally
dispersed the light and a photomultiplier tube (PMT) detected the luminescence.

A SPEX 1404 double monochromator with a 0.85 m focal length was used for the PL
measurements. The gratings used for this work (at SFU) had a ruling spacing of 1200
grooves/mm. The entrance and exit slits of the spectrometer were chosen according to the
requirement of the specific measurements to control the resolution. The theoretical spectral
resolution of a spectrometer is defined by the product of the linear dispersion of the grating
and the slit width (in mm). The linear dispersion defines the extent that the spectrum

spreads across the focal plane of the spectrometer and is equal to

dx  10°cos(B)

dxr ~ knL (2.1)

where f is the diffraction angle, k is diffraction order, L is the focal length, dx is the unit
interval in mm and n is the groove density of the grating in lines per mm. The reported
linear dispersion in the manual of the SPEX 1404, is 0.4 nm/mm at 514.5 nm wavelength.
Thus for the 50 micron slit the slit-bandpass was 0.02 nm or 0.18 meV (Fig. 2.4).

Optical radiation detection in a PMT is based on the photoelectric effect. A PMT is an
evacuated tube containing three main components: the photocathode, dynode chain and

the anode (Fig. 2.3).
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Figure 2.3: Schematic diagram of a photomultiplier tube [51].

When a photon hits the photocathode it can eject one electron by the photoelectric effect,
generating one photoelectron. These primary electrons then accelerate towards a dynode
chain and are multiplied through the emission of secondary electrons. A large number of
secondary electrons are created for each incident electron. Generally, each primary electron
generates 10° to 107 secondary electrons. These electrons are then collected by the anode
as an output signal. In order to accelerate these electrons (primary and secondary) a high
voltage is applied between the photocathode and anode. Finally, in single photon counting,
the arrival of the electron pulse at the anode is detected as a single photon count and a
current pulse is the output. A very important parameter for a PMT is its maximum anode
current which is usually between 10 to 100 pA in order to avoid permanent damage to the
PMT. Dark current due to thermoionic emission of electrons from the photocathode could
be present even in the darkness and its typical value was between a few to hundreds of nA.

In this study a Hamamatsu R585 PMT was used, configured for photon counting, with
a spectral response ranging from 160 nm to 650 nm and a maximum response wavelength
of 420 nm. This tube has a 5 mm x 8 mm bialkali photocathode with a responsivity of
50 mA /W at 420 nm for photon counting. Because of the large photon energy in ZnO PL,
detector cooling was not required.

The recorded wavelength was then corrected to the vacuum wavelength by accounting
for the index of refraction of air (1.000289 at standard conditions) which was done by
adding an average value of 0.106758 nm to all measured wavelengths. Wavelengths were
then converted to eV using a conversion factor of 1239841.7 meV /nm.

Fig. 2.4(a) shows the spectrum of the Hg calibration lamp and the full width at half

maximum (FWHM) for the most intense calibration line which was measured to be 0.08
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Figure 2.4: (a) Spectra of the Hg calibration lamp. The spectrometer resolution is 0.08 meV
for the smallest slit width of 10 microns. (b) The measured FWHM at several spectrometer
slit widths.

meV. Fig. 2.4(b) shows the measured FWHM for several spectrometer slit widths. One
can reduce the slit opening to get higher resolution, at the cost of reducing the optical

throughput.

2.2.1.4 Collecting electronics

Our system uses the photon counting method to acquire the optical signal. This technique is
a good way of measuring low intensities since the number of output pulses from the PMT is
proportional to the amount of incident light and it provides an excellent means of rejecting

noise. Fig. 2.5 shows a block diagram of a photon counting apparatus. The output signal

AN PMT

¥

discriminator counter —> Qutput

Figure 2.5: Block diagram of a photon counting system.

from the PMT is a series of pulses from emitted photoelectrons from the photocathode,
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the thermionic emission in the cathode and dynodes and noise in the electronics. An
input amplifier multiplies the signal then the amplified pulses enter a discriminator which
eliminates pulses that are below a certain threshold. A voltage which is lower than this
threshold would be considered as a noise current and therefore rejected. Finally the number

of pulses is counted by a computer controlled counter.

2.2.2 Magneto-photoluminescence - Technische Universitit of Berlin

A schematic set up of the MPL measurements is shown in Fig. 2.6. The PL set up used for
MPL measurements at TUB is similar to the one in use at SFU but with some noteworthy

differences. The sample was mounted in an Oxford magnetic field cryostat with a magnetic

Top view
Magneto I PMT_|>2
cryostat Spectrometer
. r 1 . 5 SPEX 1404
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y TLV'Z 0 E s1
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Figure 2.6: A schematic of the magneto-PL set up at Technische Universitét Berlin (TUB).
The inset shows the direction of magnetic field with respect to the crystal c-axis.

field strength up to 7 T at 2.2 K. The magnets consisted of a coaxial pair of solenoids
separated by a gap to allow optical access perpendicular to the field.

The sample holder was rotatable which made it possible to do angular-resolved measure-
ments by changing the sample c-axis with respect to the orientation of the magnetic field.

The cryostat had two different pairs of windows on its four sides to allow straight through
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optical access parallel or perpendicular to the magnetic field. To change from the Faraday
(k parallel to magnetic field) configuration to the Voigt (k perpendicular to magnetic field)
configuration, the whole cryostat had to be rotated. A HeCd laser with 5 mW power was
used to excite the sample. Measurements were done in the backscattering geometry with
a small 5 mm diameter mirror reflecting the laser on the sample. The PL was then col-
lected with a 175 mm lens. Finally, a 200 mm lens focused the PL onto the entrance slit of
the spectrometer. The spectrometer was similar to the SFU double spectrometer. For the

detection, a Hamamatsu H10721-210 Mini-PMT was used.

2.2.3 Time-resolved photoluminescence - Technische Universitiat Berlin

Time-resolved PL measurements (TRPL) were also done at the Technische Universitat
Berlin. A schematic illustration of the set up is shown in the Fig. 2.7. The excitation
source was a mode-locked Nd:YAG laser which produced 100 ps pulses with a frequency of
76 MHz at 1064 nm.

Since the bandgap of ZnO (3.4 €V) exceeds the energy of 1064 nm photons, a S-barium
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Figure 2.7: Illustration of the time-resolved PL measurements done at Technische Univer-
sitdt Berlin (TUB). Please see the text for details.

borate (BBO) crystal frequency doubles the laser beam, by second harmonic generation
(SHG) where two photons having the same energy lead to a single photon with twice the
original energy [52]. The Nd:YAG laser contains an internal SHG to obtain 532 nm. An
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additional external cavity SHG crystal would then produce 266 nm laser pulses with 60 ps
width.

The sample was located on a helium flow cryostat (Janis ST-500 microscope cryostat,
4-400 K) and the laser light was focused onto the sample surface using various optics.
The TRPL signal is collected from the sample and is guided to a double spectrometer
(McPherson, 2035, 0.35 m focal length) in combination with a multichannel plate (MCP)
photomultiplier. A MCP is a plate consisting of small, parallel channels in a thin disk,
with each channel acting as an independent electron multiplier. Since electrons only travel
a short distance compared to that of a conventional dynode chain in a conventional PMT,

the MCP PMT provides a much faster response.
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Chapter 3

Study of Al, Ga, and In (Group
IIT) Doped ZnO Nanowires

3.1 Introduction

It is necessary to produce high quality n-type ZnO in order to achieve high efficiency UV
LEDs and laser diodes. Controlled doping of ZnO is the key for realizing electronic and op-
toelectronic devices. Several studies of implantation and backdoping of group-III elements
(Al, Ga and In) in ZnO have demonstrated that they act as shallow donors and substitute
on Zn sites [13, 35, 36].

There are few reports of the intentional doping of ZnO NWs using group-III impurities,
particularly with the MOVPE growth method. The dopant concentration can be precisely
controlled over a wide range using metalorganic sources in the MOVPE technique. The
incorporation of donor impurities can be identified using low-temperature high resolution
PL spectroscopy through their bound-exciton recombination lines. The nanowire geometry
greatly reduces the effects of substrate lattice mismatch because of the very small contact
between the substrate and the NW, and this results in very sharp transition lines. Despite
the interest in this material for its potential optoelectronic applications, there have been
very few reports of high-resolution PL. measurements on intentionally-doped ZnO NWs.
Park et al. presented the key early work on the growth of ZnO NWs by MOVPE, showing
PL spectra with linewidths of 1-3 meV without any chemical identification [53].

A review paper by Meyer et al. [23]. confirmed the position of group-III related transi-
tions in ZnO bulk crystal. There are several reports of doping ZnO NWs based on PL data
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which were not high resolution nor low-temperature measurements [54, 55].

In this chapter we have studied the controlled addition of group-III donors into ZnO
NWs grown by MOVPE by means of high resolution temperature and dopant concentration
dependent PL measurements. PL spectra of DYX transitions taken at 4.2 K revealed sharp
linewidths (0.17 meV) and peak energies very close to those of bulk ZnO, confirming the
absence of substrate induced strain and revealing the high crystalline quality of the ZnO
NWs. We have clearly identified the DX transitions of different dopants by intensity corre-
lation with corresponding DX transitions. The evolution of TES transitions of the Al, Ga
and In donors with increasing dopant concentrations has been studied. This allowed us to
precisely estimate the donor binding energies of group-1II donors. We have also identified
phonon replicas of group-III dopants unambiguously in our doped ZnO NWs. Transport
measurements were done on some of the Ga-doped NWs by another student (Ali Darbandi).

Part of this work was published in Semicond. Sci. Tech., 28, 045014 (2013).

3.2 Effect of group-III dopants on morphology

Group IIT dopants have a strong effect on NW morphology at higher doping concentrations,
resulting in lateral growth especially at the tips of the NWs. High TMIn flow rates caused
the morphology of NWs to change into planar films. Fig. 3.1 shows a comparison of SEM
images taken for samples grown under identical growth conditions within each dopant series
but with different dopant flows.

The details of the growth conditions for each sample are provided in Appendix A. The
dopant flows are shown in nmol/min except for Al doping which is in sccm. The reason
is that the vapour pressure of TMAA at room temperature (25°C) is 1.5 Torr, however,
reliable vapor pressure data at a source temperature of -10 °C is unavailable. Thus we
denote TMAA flow in volumetric units (sccm) [56]. The molar flow ratio is also shown in
the Appendix A. The undoped nanowires have typical lengths of ~2-3 um with diameters
of ~200 nm. By increasing the doping concentration we observed an abrupt increase in the
lateral growth which begins at the ends of the NWs while their diameters at the substrate
interface are quite similar to those of the undoped wires. As can be seen from Fig. 3.1, for
the In-doped samples, at the highest In dopant flows the morphology completely changes
into a dense film with reduced total thickness (~520 nm). A very similar result is observed

for the Al and Ga doped NWs as shown in this figure.
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In-doped:

Figure 3.1: Effect of group-III dopant (TMIn, TMAA and TEGa) on the morphology of
ZnO NWs. The units are in nmol/min except for Al doping. See Appendix A.

The c-plane (0001) facets have larger surface energy compared to the m-plane (1100)
sidewalls and this causes the formation of c-axis NWs in non-catalyzed ZnO grown by
MOVPE [57].

As we add dopant impurities during the growth, they induce lateral growth which is
the highest near the NW tip at higher doping concentration, while the basal diameters
for low doping are similar to the undoped case. It is possible that the dopant adatoms
increase the sticking coefficient for Zn adatom attachment on the m-plane sidewalls. The
detailed mechanisms behind this unusual behavior are not yet clear. It is noteworthy that
the group-III dopants show qualitatively similar behavior despite large differences in their

atomic radii as well as the precursor chemistry.

3.3 Effect of group-III dopants on the photoluminescence
spectra of ZnO N'Ws

Low-temperature PL lines associated with excitons bound to donor impurities (Al, Ga and
In) were previously reported in bulk ZnO crystals [23]. In this work controlled doping of ZnO
NWs by group-I1II elements over a wide doping range has been studied by high resolution low-
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temperature PL spectroscopy. Doping of Al, Ga and In allowed us to unambiguously assign
their corresponding two electron satellite and phonon replicas. The excitonic transition
energies of these impurities are within 0.1 meV of previously reported values for bulk ZnO
crystals, confirming the low level of residual strain in our samples. Since the growth of these
samples occurred at different times, the undoped ones had a variety of residual impurities

caused by contamination of the growth reactor and were observed in their PL spectra.

3.3.1 Excitonic transitions due to Al, Ga and In doped nanowires

Fig. 3.2 shows a comparison of PL spectra obtained at 4 K for undoped and lightly Al-doped
NW samples (2 and 5 sccm). The PL from the undoped NW sample shows a very strong
transition named Ig and a very weak transition named Iy due to excitons bound to residual
Ga and In impurities, respectively. The extremely sharp Ig linewidths of 0.17 meV is a sign
of very low residual strain which indicates that lattice mismatch caused by the substrate
is negligible, as expected for the NW geometry. The best homoepitaxial planar materials

grown on ZnO substrates have a linewidth of around 0.08 meV [58].

T T T T T T T
|8 surface
S 0 exciton -
4x10 lg (Ga D x)
@
[+]
b
g
—— undoped g
—— 2sccm TMAA z
> —— 5 sccm TMAA g
o3 =1 * * _
@ f lg (Ga D X)
2 a '
c
8 0 — undoped
8 I (Al D"X) —— 10.0 sccm TMAA
S +
% 20.0 sccm TMAA ! |6*(A| D 'X)
S . o0 by b b e by ! !
§ 2= . 3350 3355 3360 3365 3370 3375 3380 . ' 1
d Energy (meV)
1 —

0 )
lg (In DX) ' surface exciton

3360 3365
Energy (meV)

Figure 3.2: Comparison of PL spectra of undoped and lightly Al-doped ZnO NWs in the
neutral and ionized donor bound-exciton region. The inset shows the PL spectra in a log
scale. The arrow shows the position of the line previously attributed to Al D™X.
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The addition of a very small concentration of TMAA results in the appearance of a
transition at 3360.9 meV. By increasing the TMAA doping concentration, the intensity of
this peak increased relative to the Ig transition. The previously reported energy position for
excitons bound to Al donors in nominally undoped bulk ZnO single crystals is in agreement
with our observation [23]. Thus, we unambiguously assign this line to excitons bound to
neutral Al donors (Ig).

In the higher energy region of the PL spectra, another transition appeared after doping
with TMAA at 3373.1 meV and increased in intensity relative to the Ga DTX peak (Ig)
with increasing TMAA flow. We have assigned it to the transition due to excitons bound to
ionized Al donors (I¢). Meyer et al. [23] previously reported that DX of the Al occurs at
3372.5 meV. As can be seen from the Fig. 3.2, the transition at 3372.5 meV (shown by a red
arrow) is also observed in the PL spectrum of the undoped sample and does not scale with
Al doping concentration in the doped ones. Later in this chapter we show that the Meyer
assignment is not correct and the transition at 3372.5 meV is the D¥X of the I line which
has an unknown origin. There are no studies to our knowledge about the high-resolution
PL of systematically Al-doped ZnO reporting the position of DX of Is. Therefore, we have
revised the Al DTX energy position to 3373.1 meV. Table 3.6, at the end of this chapter,
shows the summary of the energies of DTX and DX transitions reported here.

The inset of Fig. 3.2 shows the PL spectra for the heavily TMAA doped ZnO NWs on
a logarithmic scale. The linewidth of the Ig line is as sharp as Ig and Iy in the low-doped
samples, while it increases from 0.17 to 2.5 meV for the higher doping concentrations. At
the highest doping level only a broad line at 3360.9 meV is observed and the overall PL
intensity is reduced. This could be due to the increased number of nonradiative recom-
bination centers induced at higher doping concentrations. This reduction of PL intensity
at high concentration is something that we observe with all dopants studied in this thesis.
We attribute it later to the role of carbon-related impurity centers originating from the
organometallic sources.

Fig. 3.3 shows a comparison of PL spectra at 4.2 K for undoped and very lightly Ga-
doped NW samples. The PL from the undoped NWs is dominated by the transition at
3356.8 meV corresponding to a DX transition associated with In donors [23]. The presence
of indium in the undoped NWs is due to a memory effect of the MOVPE reactor because
of previous In-doped ZnO growth. The inset (a) in this figure is a blow up of the dashed

rectangular region in the figure. In the undoped sample a weak transition at 3360.1 meV is
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observed which agrees in position with the previously reported I line, the chemical identity

of which is unknown [23]. There is no observable Ga PL (Ig) in this sample.
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Figure 3.3: Comparison of PL spectra of undoped and lightly Ga-doped ZnO NWs in the
neutral and ionized donor bound-exciton region. Insets show (a) blow up of the dashed
rectangular region (b) the PL spectra of undoped and higher Ga-doped ZnO NWs in a log
scale.

It is clearly seen from the inset (a) that a small addition of TEGa (0.007 nmol/min)
results in a transition at 3359.9 meV, 0.2 meV below the I7, which is absent in the undoped
sample PL spectrum and associated with Ga dopant. This energy position is in agreement
with the previously reported value for excitons bound to Ga donors, Ig, in bulk ZnO crys-
tals [23].

A systematic correlation is observed between the Ig transition intensity and the Ga
doping concentration. At slightly higher Ga concentrations, the Ig line intensity becomes
comparable with the residual Iy transition. In the higher energy region of the PL spectra
another transition appeared with Ga doping at 3371.8 meV in agreement with the previ-
ously accepted position of the DTX transition for Ga. [23] This line also scaled in intensity
with increasing Ga doping concentration relative to the Iy line intensity. Hence, we could

unambiguously verify the position of Ig in our Ga doping study and it is in agreement
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with previous assignments which were based on the correlated occurrence of I with its
corresponding DX transition, Ig, in the bulk ZnO crystals [23]. It is noteworthy that the
linewidth of I; does not change with increasing doping level in contrast to the Ig transition.
This indicates that the concentration of ionized Ga donors is low compared to neutral Ga
donors. The Ig transition is suppressed in the PL spectrum of the highest Ga-doped sample
and the ratio of DTX to DX intensity decreases.

Inset (b) shows a series of samples with a larger range of Ga dopant (0.16-0.64 nmol/min)
with the PL intensity plotted on a log scale. The Ig line shows significant broadening from
0.13 to 1.1 meV and has become the dominant line in the PL for the highest doped sample
while an overall decrease in the integrated PL intensity was observed.

Very similar PL results are observed for In-doped ZnO NWs. Fig. 3.4 shows 4.2 K
PL spectra of lightly In-doped NWs (1.0 and 4.4 nmol/min) in the bound-exciton region.
The undoped NW sample shows dominant residual Ga DX transitions labeled Is. Both
undoped and lightly In-doped samples show a sharp peak at 3356.8 meV labeled Iy which
was previously identified as due to excitons bound to shallow In donors in ZnO bulk crys-
tals [35].

Here also the observation of residual In impurities in the undoped sample is from the
memory effects of the previous In doping experiments. A very clear correlation between In
dopant concentration and Ig transition intensity can be seen in Fig. 3.4.

In the DX region of the PL spectrum a strong increase in the sharp line at 3367.6
meV, labeled 19+ , is observed corresponding to the excitons bound to ionized In donors in
ZnO. By increasing the TMIn flow rate to 4.4 nmol/min, a significant broadening of the Ig
line with an overall increase in its integrated PL intensity is observed. As it can be seen
from the inset figure, for dopant flows above 4.4 nmol/min the PL intensity has reduced
strongly and suppression of all other PL peaks relative to the Iy transition is observed.
In the highest doping flows the PL intensity approaches zero. This could be the result of
carbon contamination incorporating in the sample during the growth which may result in

the incorporation of non-radiative centers. We will discuss C-doped ZnO NWs in Chapter 4.
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Figure 3.4: Comparison of PL spectra of undoped and lightly In-doped ZnO NWs. The
inset shows the PL spectra of (a) undoped, (b) 21, (c) 53, (d)106 and (e) 213 nmol/min of
In-doped ZnO NWs in a log scale.

3.3.2 Model of the asymmetric band tail in Ga-doped ZnO N'Ws

In this section we present a detailed analysis of PL lineshapes in order to estimate quantita-
tive Ga donor concentrations. Table 3.1 gives a summary of the molar flows and gas phase
[Ga]/[Zn] mole fractions for the samples presented in this section. As we have seen in the
previous section, by increasing the group-III doping concentration the excitonic transitions
exhibited an asymmetric broadening with a tail at the lower energy side.

Fig. 3.5 shows clearly that the lineshape changes asymmetrically with a tail at the lower
energy side of the excitonic transition for higher doping flows. This was in coincidence with
the change in the morphology of the wires shown in Fig. 3.1. The highest doped sample in
this series is shown in blue and its overall PL intensity is decreased.

The inset figure shows the PL spectrum of the 0.07 nmol/min Ga-doped sample with a
symmetric Ig transition which is fitted with two Lorentzian functions representing Ig and

I7 with FWHM of 0.17 and 0.3 meV, respectively. However, a Lorentzian function does not
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Table 3.1: Molar flow ratio of Ga-doped ZnO NWs.

[Gal

Zn Bubbler T Zn Bubbler P

[Zn]

(nmol/min) (°C) (Torr) (nmol /min) [Gal/[Zn]
0.007 -20 800 2.24 x 10* 3.1 x 1077
0.02 -20 800 2.24 x 10* 9.9 x 1077
0.07 -20 800 2.24 x 10* 3.1 x 1076
0.16 -20 800 2.24 x 10* 7.1 x 1076
0.32 -20 800 2.24 x 10* 1.4 x 107°
0.64 -20 800 2.24 x 10* 2.8 x 107°

fit the observed asymmetric PL lineshape in the higher doped samples.

In the higher doped samples, we propose that there is a higher doping concentration
in the shell of the wires compared to the core (Fig. 3.6). Hence, the superposition of the
emission from the core (Lorentzian) and the shell of the NWs would be able to explain the
excitonic lineshape. We had speculated before that by increasing the doping concentration
during the growth the dopants accumulate at the shell of the wire resulting in increased
lateral growth.

In this section we are trying to explain the asymmetric broadening of the excitonic
transitions at higher doping concentrations for Ga-doped samples with a model based on
exciton binding at donor pairs with variable separation in the shell region of the nanowires.
The reason we chose Ga-doped samples is that their morphology does not change into films
even at higher doping concentrations and this allowed us to check the model for a couple of
doping concentrations. We start by assuming that for high enough doping concentrations,
exciton wavefunctions can overlap more than one neutral donor impurity. We also assume
that all donors are neutral at 4 K, i.e. the acceptor concentration is negligible in these
samples. The change of binding energy of an exciton localized at two neutral donors can
be estimated as [59]

AE(R) ~ —QEOexp(—E). (3.1)

o
where R is the distance between the donors, ¢y (15.6 meV) is the binding energy of an
exciton bound to the isolated single donor and 7y is the donor bound-exciton Bohr radius
(~1 nm) [60]. Linear combinations of single DX states shared between two donors are
assumed to form symmetric and antisymmetric superpositions which result in an increase
or decrease in binding energy. The symmetric combination is expected to be favoured by

thermalization and is given by Eq. 3.1.
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Figure 3.5: Comparison of PL spectra of Ga-doped ZnO NWs in linear scale. Inset shows
the Lorentzian fit of the Ig transition of the low Ga doped ZnO sample.

In higher doped regions, the excitonic transition energy changes from Ey to Ey+AFE(R).
The probability of this transition also depends on the probability of finding another donor
at a distance R from the original donor. If we consider that the distribution of intensity of
emission for an exciton bound to a pair of donors with distance R is given by I(E, R) then to
obtain the total intensity distribution, W (E), one must integrate over all such distributions

weighted by the probability, P(R), of a specific pair separation
W(E)dE = dE / I(E, R)P(R)dR. (3.2)
0

where P(R) is the probability function calculated for a random distribution of impurities

which is given by [61]
3R? R
P(R) = 7GXP[*(R*
0

R )L (3.3)

and Ry is the average distance between donors in the shell region of the NWs and is given
by
Ry = (4/3wNy)~'/3, (3.4)
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Figure 3.6: A cartoon explaining the contributions of the two different regions (core and
shell) for doped samples to the PL spectra. From left to the right are diagrams of Ga-doped
ZnO NWs with increased doping flow rate during the growth.

where Ny is the donor concentration.
Each component of the statistically broadened emission line will be treated as a sharp

line, i.e. I(E, R) in Eq. 3.2 will be replaced by a delta function.

W(E) = / 5(E — E(R))P(R)dR. (3.5)
0
and
E(R) = Eo+ ABE(R) = Eo — 260exp(—§). (3.6)

While this model is able to qualitatively reproduce the observed asymmetric lineshape at
the tail of the excitonics transition, it was found that an additional Lorentzian component
was required to fit all the PL line. The above integral gives the asymmetric lineshape in
the excitonic PL emission due to the shell of the nanowires where the doping concentration
is assumed to be higher. We solved this integral numerically considering Ry as a fitting
parameter. Then we fitted our experimental data with the superposition of this integral
and the Lorentzian line profile contributing from the core of the NWs to find the doping
concentrations in each sample.

Fig. 3.6 shows a schematic diagram illustrating assumptions of large lateral growth for
three samples with different Ga flow rates, together with the corresponding schematic line

shapes. Fig. 3.7 shows the PL data in the bound-exciton region for three samples with
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Figure 3.7: Comparison of PL spectra of undoped and higher Ga-doped ZnO NWs in linear
scale.

different Ga flow rates fitted by the model at the position of Ig transition. The average
distance between donor pairs, Ry, estimated from the least squares fitting is in the range
of 3.8 to 9.3 nm.

The Ga concentrations estimated from Eq. 4.2 are 2.9x10'7, 1.6x10'® and 4.3x10'8
em ™3 for 0.16, 0.32 and 0.64 nmol/min flow rates, respectively. The residuals of the fits
are shown in the top side of each plot. There is a better agreement for the lower doping
concentrations while at higher doping the fit is not in a good agreement with the data. It
is clear that the fit provides only an approximate description of the situation in these NWs.
One possible source of the discrepancy is our lack of detailed accounting of the NW shape
in the model. Assuming that the gas phase mole fraction of [Ga]/[Zn] holds for the solid
also, we would expect Ga dopant incorporation of 7.5 x 10'7, 1.1 x 10 and 2.3 x 10'®
em ™3 for the 0.16, 0.32 and 0.64 nmol/min, respectively which are close to the estimated

values from model.

3.3.3 Electrical characterization of Ga-doped ZnO NWs

Transport measurements on individual NWs were performed on different Ga-doped ZnO
NWs with similar growth conditions. The only difference of these NWs are that the sap-

phire substrates were annealed under CCl, flow for 5 min prior to the growth. This resulted
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in much narrower NWs with less lateral growth. Table 3.2 lists the dimensions of measured
NWs in each sample along with their [Ga]/[Zn] flow ratios. The undoped NWs were about

10 micron long which made the electrical measurements feasible.

Table 3.2: Geometry of the NWs used in the electrical transport measurements

[Gal/[Zn]

molar ratio

Ga flow (nmol/min) | Diameter(nm) | Length (um)

undoped 100 10 -
0.16 230 6 7.1 x 1076
0.32 300 2.85 1.4 x 107°

A nanoprobe with a sharp tungsten tip mounted inside a high vacuum chamber of a
Strata DB235 field-emission scanning electron microscope (SEM) was used for these mea-
surements by PhD candidate Ali Darbandi. The I — V' curves of the undoped and two
Ga-doped ZnO NWs are shown in Fig. 3.8.
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Figure 3.8: (a) SEM image of tungsten nanoprobe contacting the tip of a ZnO NW. (b)
I-V characteristic of an undoped, 0.16 and 0.32 nmol/min Ga-doped ZnO NWs. The inset
shows the I — V characteristics with the probe directly on the grounded Pt contact and is
an indicator of the parasitic contact resistances.

Electrical measurements were carried out at room temperature. The resistivities are cal-
culated to be 0.78, 0.27 and 0.18 Q-cm for undoped, 0.16 and 0.32 nmol/min Ga-doped ZnO

NWs. Resistivity values have been calculated considering the NWs geometry like a cylinder.
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Table 3.3: Values of fitted (R and Lorentzian FWHM) and calculated parameters (Ng)
in the model for three Ga-doped ZnO NW samples. Resistivity values are based on our
electrical measurements. Ny values were also estimated from our measured resistivity values
using Hall measurements from thin films in Ref. [1]. Ny values were also estimated based
on the input gas phase [Ga|/[Zn] ratio assuming 100% incorporation of dopant.

Ga flow rate  FWHM Ry Ny (em™3) Resistivity Ng(cm™3) Ng(em™?)
(nmol/min)  (meV) (nm) from model  (Q-cm) Ref. [1]  (gas phase estimate)
undoped no Ig - - 0.78 6 x 10'° -
0.16 0.3 9.3 29 x 107 0.27 1 x 107 7.5 x 1017
0.32 0.4 5.2 1.6 x 10'® 0.18 3 x 10'7 1.1 x 108
0.64 1 3.8 4.3 x 10'8 - - 2.3 x 10'8

Then, the carrier concentrations for the 0.16 and 0.32 nmol/min samples were estimated
from our resistivity data using previous reports of the resistivity vs. carrier concentration
based on Hall measurements in bulk ZnO [1]. These carrier concentrations are also included
in Table 3.3 which shows a summary of fitted (Ry) and calculated (N;) parameters based
on the model, as well as resistivity values obtained from transport measurement.
According to Table 3.3, the values of the doping concentrations estimated from our
model are approximately one order of magnitude higher than the estimated carrier con-
centrations from our resistivity measurements [1]. Part of the discrepancy between the
estimated doping concentrations from our model and the measured resistivity values in the
NWs is because the electrical resistivities were calculated assuming the nanowires to be
uniform cylinders, while the PL on which our model is based is likely dominated by a thin
highly-doped shell layer. Finally, the gas phase [Ga]/[Zn] mole fractions were used to es-
timate the solid phase [Ga] concentration assuming 100% incorporation efficiency and the

numbers are close to the values obtained from the our model.

3.3.4 Effect of doping on the Y-line transition

A narrow emission line is always observed in the PL spectrum of the undoped and lightly-
doped ZnO samples at an energy position of 3332.6 meV. This line previously was observed
in the PL spectrum of the bulk ZnO single crystals has been attributed to the recombination
of excitons bound to extended structural defects is often labeled as the Y-line [23, 62]. This
assignment was based on cathodoluminescence measurements which confirmed that the Y-
line emission was localized at certain regions of the crystal. Fig. 3.9 shows the so called

Y-line region of the PL spectra for group-III doped ZnO NWs.
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Recently, magneto-PL measurements have shown that the Y line is due to emission of
shallow donors that deeply bind excitons [38]. As it can be seen from Fig. 3.9, the intensity
of this transition is very strong in the undoped and low-doped samples. There is also a
correlation between the presence of the Y-line and the absence of lateral growth in these
NWs. All samples with non-tapered NWs and without lateral growth had strong Y-line
emission in their PL spectra. This includes the undoped, two lowest In and Al-doped and
three lowest Ga-doped samples. In contrast, in the higher doped samples an abrupt decrease
in the Y-line intensity to zero is observed. However, the reason for this is not clear yet. It
might be due to the sudden removal of the structural defect to which it is attributed [38]
at higher doping concentrations or it may be due to the fact that the shallow donor PL is

dominating the Y-line PL.

3.3.5 Two-electron-satellites (TES) and Haynes rule in group-III doped
ZnO N'Ws

When bound-excitons recombine, they generally leave the donor impurity in its ground
state, which results in the principle 1s DX transition. However, the recombination of the
excitons can also leave the donors in excited states (2s, 2p etc). Transitions corresponding
to bound-exciton recombination with the final state of the donor in an excited state are
called two electron satellites (TES) (see Chapter 1). However, the TES transition prob-
ability is lower, and hence the TES transitions are much weaker than the 1s transitions.
Hence, it is often difficult to locate the TES energy positions of the donors when compared
with 1s transitions. We found no reports on the correlation of TES energy positions with
dopant species for doped ZnO. Available reports on the TES energy positions of the Al,
Ga and In donors are mainly based on the residual impurities in the bulk ZnO single crys-
tals [23, 30, 63].

In the energy range between 3323 meV and 3305 meV we have observed an increase in
integrated PL intensity of the TES emission peaks with increasing Al, In and Ga doping.
Fig. 3.10 shows the 1s (D°X) transitions and corresponding TES (2s and 2p) doublet of Ga,
Al and In donors of the undoped, 10 sccm Al and 20 sccm In-doped ZnO NWs. Undoped
ZnO NWs show a dominant Ga 1s transition at 3359.9 meV. Ga- 2s and 2p transitions are
observed at 3319.2 meV and 3317.9 meV, respectively. DX Is transitions of the Al and
In donors are observed at 3360.9 meV and 3356.8 meV for the 10 sccm Al and 20 scem In
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Figure 3.9: Effect of group-III doping on the Y-line luminescence.
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Figure 3.10: Principal 1s (D°X) transition and corresponding 2s and 2p transitions of the
Al, Ga and In donors.

doped NW samples, respectively. Al DYX-2s and 2p transitions were observed at 3322.2
meV and 3321.3 meV, respectively. In D°X-2s and 2p transitions were observed at 3312.1
meV and 3307.5 meV, respectively.

The binding energy of different donors can be estimated from the TES transition energy
positions 1s and 2p as we discussed in Chapter 1. The accuracy of the donor binding energy
estimate primarily depends on the TES energy position, since the DX, 1s, energy position
can be measured very accurately because of its narrow linewidth. Thus, systematic group-
IIT donor doping allowed us to unambiguously assign the TES energy positions of Al, Ga

and In donors.

Table 3.4: Summary of the TES transitions of the group-III donors (Al, Ga and In) in ZnO
NWs.

Donor Is (meV) 2s (meV) 2p (meV) FEsp,— Ey (meV) FEis— Eyy (meV) Ep (meV) Ep (meV)

Is (Al) 3360.9 3322.2 3321.3 1.1 39.6 52.2 14.6
Is (Ga)  3359.9 3319.2 3317.9 1.3 42.1 54.7 15.6
Iy (In) 3356.8 3312.1 3307.5 4.6 49.3 61.9 18.7
Yo-line  3332.6 3273.5 3270.1 3.4 62.5 75.11 42.9

Table 3.4 summarizes the TES energy positions and donor binding energies of the Al, Ga
and In donors. Low-doped NWs samples show TES transitions of the Yg-line at 3273.5 meV
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Figure 3.11: Plot of localization energy vs. donor binding energies of the Al, Ga and In
donors as well as the Y-line. The data point related to Y-line does not fall on the straight
line.

and 3270.1 meV for 2s and 2p transitions, respectively. These values are very close to the
reported Yo-TES energy positions for the ZnO bulk crystals [38]. The Y-line binding energy
is estimated assuming a singly-charged donor final state with an effective mass excited state.

Fig. 3.11 shows DX localization energy vs. donor binding energy for the Al, Ga and
In donors as well as the Y-line. The exciton localization energies increase linearly with
donor binding energies for the group-III shallow bound-excitons. This empirical result is
usually referred to as Haynes rule. The difference in the donor binding energies is due
to the different core electronic structure of the group-IIl impurities. The reason for the
linear correlation with exciton localization energy is not understood, but is well obeyed in
many semiconductors. However, the Y-line does not follow this linear trend. This indicates
that the core electronic structure of this defect is very different from that of the group-III
donors.

Fig. 3.12 shows a plot of localization energy for the D™X transitions studied in this
chapter vs. the corresponding DX transitions. The DX transitions also obey Haynes rule
for the group-IIT donors (shown in 4.6), hence it is not surprising that the D*X vs. DX
plot is linear for the group-III donors.

Previously reported values for excitonic transitions due to group-III donors for bulk
samples are shown in this graph as circles for comparison. Our new assignment for the
D*X transition of Al falls into a strict linear relationship between DTX and D°X energy

positions. There is a data point in this plot related to Iy transition, the chemical identity
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Figure 3.12: Plot of DX versus DX energy positions for In, Ga, and Al donor transitions
along with I line which has an unknown origin. Circles show previously reported data for
bulk ZnO samples from [23].

of which is unknown [23]. At this point we have not observed any TES corresponding to

the I7 transition and we could not estimate its donor binding energy.

3.3.6 Phonon replicas of DX transitions

DX transitions in ZnO are often accompanied by phonon side bands (LO-phonon replicas),
with an energy separation of 72.2 meV (1-LO), or 144.4 meV (2-LO), etc to lower energy.
These transitions arise from emission of integer numbers of optical phonons (72.2 meV
for ZnO) during exciton recombination [23, 38]. Generally, the linewidths of the D’X-LO
transitions are about 5 meV which is larger than the energy separation between the Al,
Ga and In D°X transitions. Thus, D°X-LO transitions of the Al, Ga and In donors are
often merged to a single peak, which makes it difficult to assign them to a specific donor.
Chemical assignment of the phonon replicas of the DX transitions to a specific donor is
not previously reported to the best of our knowledge.

In the same energy region other transitions are often observed and assigned to donor
acceptor pair (DAP) transitions and these are regarded as the fingerprint for the presence

of acceptor impurities in ZnO [16]. We have explained DAP transitions in Chapter 1.
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DX LO phonon replicas can be misinterpreted as DAP transitions since both appear
in the same region in the PL spectrum. Phonon replicas are very common in ZnQ; the
free exciton, and all of the common bound-excitons (DX, TES and Y-lines) can couple
with optical phonons. However, DAP transitions can be observed only if there are acceptor
impurities present in the sample.

In this section the energy positions of the LO phonon replicas of the DYX transitions of
specific donors are unambiguously identified. Fig. 3.13 shows the PL spectra of undoped,

Al- and In-doped ZnO samples at the lower-energy phonon replica region.
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Figure 3.13: Comparison of the low energy region PL spectra of the undoped, 20 sccm
In-doped and 10 sccm Al-doped ZnO NWs. Left and right insets are blowup at 2-LO and
1-L O phonon regions, respectively.

The energy spacing between LO phonon replicas and the principle zero-phonon line
(D°X) is 72.2 meV in ZnO. We could unambiguously identify the energy position of 2-LO
phonon replicas in ZnO by systematic doping experiments. The inset on the left side of
the Fig. 3.13 is a blow-up of the 2-LO transition. The dashed lines in the figure show the
expected positions of the second phonon replica of the Al, Ga and In DX transitions. At

72.2 meV above this region we observe the 1-LO region which is shown in the right inset
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Table 3.5: Summary of the zero phonon line (ZPL), 1LO and 2LO of the various donor
bound-exciton transitions.

Transition Energy
Zero phonon line (ZPL) 1st phonon replica 2nd phonon replica
(meV) (meV) (meV)
I (Al 3360.9 3288.8 3216.8
Is (Ga) 3359.9 3287.7 3215.7
Iy (In) 3356.8 3284.5 3212.8

figure. The 1-LO transitions are not very clear for Ga and Al related transitions due to
appearance of other unknown lines in this region.

The undoped sample has a strong Ga DX transition in the excitonic region while in
the Al and In-doped samples Al and In transitions are observed above and below the Ga
line, respectively. The left inset in Fig. 3.13 shows that the transition in the undoped NWs
around 3215.7 meV undergoes a blue shift with Al doping and a red shift with In doping,
respectively, to have 144.4 meV energy difference with their corresponding DX transitions.
The shift depends on which donor impurity has the highest concentration.

From the above arguments it is clear that the transitions at 3212.6 meV, 3215.7 meV
and 3216.7 meV are associated with the 2LO replicas of In, Ga and Al-D°X transitions,
respectively. The energies of the phonon replicas of the group-III impurity transitions are

summarized in Table 3.5.

3.4 Conclusion

The effect of group-1II doping on the optical and morphological properties of ZnO NWs
was investigated over a wide range of impurity doping concentrations. High-resolution PL
spectra with linewidths as low as 0.17 meV for undoped NWs with peak energies very close
to those of bulk ZnO crystal are obtained which is confirming a remarkable absence of
substrate induced strain. Neutral and ionized donor bound-exciton transitions of various
impurities were unambiguously identified. The addition of group-IIT dopants was correlated
with the appearance of corresponding neutral and ionized donor bound-exciton transitions.
This helped us to revise the energy position of Al related transition Ig to 3373.1 meV in
contrast with previous reports for bulk crystals.

Table 3.6 shows the energy position of group-III related transitions in the excitonic
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region along with the I7 transition which has unknown origin as yet. By increasing dopant
concentrations, lateral growth becomes significant. The lateral growth at higher doping flow
rates coincided with the suppression of the structural defect related transition so-called Y-
line.

In addition, a large increase in D?X linewidth is observed with doping concentration. At
higher doping levels an asymmetric broadening is observed with a tail at the lower energy
side. We have developed a model based on the pairing of donor impurities at the shell region
of the highly-doped NWs to explain this in Ga-doped ZnO NWs. Based on our model we
could estimate the donor concentration in ZnO NWs. Electric transport measurements
confirms the increase in doping concentration.

In the lower energy region of the ZnO PL spectra, We have clearly observed the two
electron satellite peaks of the Al, Ga and In donors and estimate the donor binding energies.
Doping with group-III impurities has allowed us to unambiguously assign the corresponding
phonon replicas of donor bound-exciton transitions.

Table 3.6: Summary of the energy position of group-III related transitions in the excitonic
region along with the I7 transition which is of unknown origin.

ener osition
Transition Impurity &y P

(meV)
Is Al 3360.9
Ig Ga 3359.9
Iy In 3356.8
I7 unknown 3360.1
I Al 3373.1
I Ga 3371.8
Iy In 3367.6
I;r unknown 3372.5
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Chapter 4

Study Of Group IV (C and Sn)
Doped ZnO

4.1 Introduction

Group IV impurities, such as C, Si, Ge and Sn can in principle acts as donor impurities
in ZnO, but have been much less studied [64, 65] and the microscopic details of these
elements and their electrical properties have not been conclusively clarified. Among these
elements carbon is a common unintentional impurity in MOCVD growth and it is important
to understand its effects on the optical properties of ZnO in more detail [66—68]. There are
relatively few reports of intentional carbon doping of ZnO.

Theoretical studies show that carbon most likely occupies cation sites and acts as a
shallow double donor [69] since it contributes four valence electrons when substituting for
a Zn atom which has only two valence electrons. Lyons et al. [69] have found that C2ZJ72 is
the most stable configuration for carbon impurities in ZnO. However, experimental reports
attribute both p-type [66] and n-type [70] doping characteristics to carbon-doped samples,
and therefore, a systematic understanding of the electronic properties of C-doped ZnO is
still lacking.

Lyons et al. [20] theoretically investigated the role of the group-IV impurities Si and Ge
in ZnO and proposed that both impurities were n-type dopants occupying Zn sites. Having
four valence electrons, Si and Ge could substitute for Zn and act as double donors (SiZZJ{L,
GeQZJ;L). The electronic nature of double donors in ZnO has not yet been explored. Cullen

et al. [65] observed a transition at 3324 meV which they labeled DDy and attributed to
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Ge impurity complexes in ZnO acting as donors. This transition was similar to the Y-line
in that it exhibited a much larger spectroscopic binding energy than its thermal binding
energy. This transition was previously observed in radiotracer techniques in a study of ZnO
implanted with radioactive As and Ga (which decayed to Ge) [13, 71] and was therefore
conclusively shown to contain Ge. There have been some reports on Ge-doping of ZnO
during the growth by mixing ZnO by GeO [72] and Ge related luminescence [73, 74].

Si doping of ZnO [75] was also shown to produce changes in electrical conductivity.
Recently Cullen et al. [64] have shown that the Ijo line at 3353 meV, which had been
observed several years earlier, actually contains substitutional Sn. This assignment was
conclusive, based on the implantation of radioactive ''7Ag which eventually decays into
stable 117Sn. Meyer et al. [23] have also observed this line in Li- and Na-doped ZnO single
crystals and suggested that it contains Li or Na, however this remains to be proven.

In this chapter we will study the effect of C- and Sn-doping on the optical properties
of ZnO nanowires and bulk crystals, respectively. We have divided this chapter into three
main sections. In section 4.2 we discuss carbon-doped ZnO NWs and the effect of carbon
doping on the excitonic PL transitions. In section 4.3 we describe our studies of the lower
energy regions in the PL spectra where two transitions (DAP and e,A°) were observed in
our carbon-doped ZnO NWs. Section 4.4 will focus on Sn-doping in ZnO bulk crystals
grown at Oak Ridge National Laboratory. Part of this work is published in the J. Appl.
Phys. 116, 053516 (2014) and J. Luminescence, 176,47 (2016).

4.2 Optical characterization of C-doped nanowires

Carbon is a common unintentional impurity during ZnO MOCVD growth, especially for the
metalorganic vapor phase epitaxy (MOVPE) technique at low growth temperatures. It may
act as an important compensating impurity during efforts to achieve n- or p-doping. It can
in principle act as a double donor or double acceptor, or as a complex with other impurities
or native defects [66-68]. However, a systematic understanding of the electronic properties
of C-doped ZnO is still lacking. In this work we performed careful intentional carbon
doping by the MOVPE method using a dilute mixture of carbon tertrachloride (CCly) gas
in nitrogen (1000 ppm). CCly has been widely used as a p-dopant in III-V semiconductors;
its use in ZnO has not been previously reported. We also performed co-doping experiments

in which small amounts of hydrogen were added to the gas mixture in order to enhance the
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PL emission from the carbon-related defects. The carbon source available for this study

was contained a mixture of natural carbon (CCly) diluted in nitrogen to 1000 ppm.

4.2.1 Effect of carbon doping on the excitonic region of the PL spectrum

Fig. 4.1 shows typical high-resolution PL spectra of the undoped and lightly C-doped ZnO
NWs, in the bound-excitonic region, recorded at 4.2 K. The PL spectrum of the undoped
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Figure 4.1: 4.2 K PL spectra of undoped and lightly carbon-doped ZnO NWs in the bound-
exciton region. C-doping increases the intensity of the Z-lines relative to the Ig PL intensity,
while decreasing the overall intensity of the PL.

ZnO NWs shows several previously unreported emission lines in this region in addition to
familiar lines. Among them we can identify the previously known donor bound-exciton
transitions such as Iy (In), Iy (unknown), and their corresponding ionized bound-excitons
along with Y-line, SX (surface exciton) and free excitons (FX). The bound-excitonic tran-
sitions are extremely sharp with linewidths as low as 0.15 meV, indicating the high quality
of these NWs, and a very low level of inhomogeneous broadening due to strain. These

exciton transitions are close to a set of four lines previously reported by Lautenschlaeger
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et al. in unintentionally-doped bulk crystals, however, the exact energies are distinct from
the present carbon-related features [76].

In addition to these well-known bound-excitonic transitions, several unidentified weak
transitions are observed in the energy range 3360.8-3362.0 meV of the spectrum. These
transitions show an increase in PL intensity relative to the residual Iy transition as a func-
tion of increasing C concentration, suggesting that they may be associated with a defect
containing carbon. We denote these unknown lines as Z-lines in order to distinguish them
from the previously reported X-lines at slightly different energy positions for bulk ZnO
crystals [76]. The overall PL intensity strongly decreases with increasing carbon concentra-
tion and no PL is observed for the NWs with CCly flow >1.25 sccm. Mechanisms for this

reduction in intensity will be discussed later.

4.2.2 Effect of hydrogen-carbon co-doping

The addition of small amounts of hydrogen together with the carbon dopant greatly en-
hances the intensity of the photoluminescence of carbon-doped ZnO NWs, as shown in
Fig. 4.2. The hydrogen flow has been varied from 2 to 50 sccm in three steps with a fixed
CCly flow of 0.25 sccm. The PL spectrum of a sample doped only with 0.25 sccm CCly
is also shown for comparison. The overall PL intensity of all lines, not just the Z lines,
increases monotonically with H concentration. The fact that all exciton emission increases
with hydrogen concentration suggests that the effect of hydrogen is to reduce the concen-
tration of nonradiative traps in the sample.

To further investigate the effect of H co-doping at higher carbon concentrations on the
PL spectra, we have grown a series of C and H co-doped ZnO NWs with a fixed Hy flow of
50 sccm while varying the CCly flow from 0.25 sccm to 50 scem. Fig. 4.3 shows 4.2 K PL
spectra of the C and H co-doped ZnO NWs (c) —(g), as well as undoped and Al-doped con-
trol samples for the reference transitions Al (I), Ga (Ig), and In (Ig) DX lines (a) and (b).
For the undoped (a) and lightly C-doped (c¢) NW samples, Iy dominates and the intensity
of the Z-lines is relatively low. With increasing C concentration, the PL intensity of the
Z-lines increases relative to Ig and becomes dominant at higher C concentrations. We can
clearly identify four lines at 3360.8, 3361.2, 3361.7, and 3361.9 meV for highly C-doped NWs
and denote them as Zi, Zo, Z3, and Zy4, respectively. Increasing the carbon concentration

in the presence of hydrogen not only enhances the overall PL signal but also increases the
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Figure 4.2: Effect of hydrogen codoping on the 4.2 K PL spectra of the 0.25 scem CCly
doped ZnO NWs with Hs concentration varying from 0 to 50 sccm.

integrated PL intensity of the Z-lines. This is in contrast to the case of samples doped only
with carbon.

Fig. 4.3(b) shows the position of the Al DX transition in an intentionally Al-doped NW
sample. The energy of the Z; transition is only 0.1 meV below the Al donor bound-exciton
line (I, 3360.9 meV) as shown by the vertical lines in Fig. 4.3. The increase in integrated
PL intensity of Z1 with increasing C concentration confirms that Z; is not due to Al. Details
of the effect of Al-doping on the PL spectra of ZnO NWs have been discussed in Chapter 3.

In addition to the Z-lines, we have also clearly observed the I transition at 3360.1 meV.
Unlike the Z-lines, the increase in Iy PL intensity seen in some samples is not systematic
with C concentration. Although the impurity associated with the I7 transition is unknown,
recent magneto PL studies confirmed that this transition is likely due to a DX transi-
tion [77] in agreement with our observation that Iy has a DX transition as discussed in
Chapter 3. Lavrov et al. [78] have recently reported a transition at 3360.1 meV, which ex-
actly coincides with I7 line position, and assigned it to excitons bound to hydrogen donors

in the bond-centered lattice position, Hgc. However, it is worth mentioning that our sys-
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Figure 4.3: 4.2 K PL spectra of (a) undoped NWs, (b) Al-doped NWs. Spectra (c)—(g) were
grown with a fixed flow of 50 sccm Hs and varying CCly flows of (¢) 0.25 scem, (d) 2.3 scem,
(e) 10 scem, (f) 30 scem, and (g) 50 scem co-doped ZnO NWs.

tematic PL studies of NWs doped only with H showed no increase in PL intensity of the I

line. Hence, I7 is unlikely to be associated with Hpc centers.

4.2.3 Thermalization behavior of the Z-lines

Given that there are four closely spaced Z-lines, it is important to determine whether they
originate from the same impurity center or arise from excited states of a common defect.
The fact that Z-lines have different intensities in different samples demonstrates that the
lines are due to distinct complexes. Temperature dependent PL measurement is a useful
tool to determine the thermal activation energies of excitons and compare to their spec-
troscopic localization energies. For this purpose we carried out temperature-dependent PL
measurements for the highest C and H co-doped NWs that showed very strong Z;, Z2, and

Z3 lines.
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Figure 4.4: Temperature dependent PL spectra of 30 sccm C and 50 sccm H codoped ZnO
NWs from 4.2 to 55 K. Inset shows the integrated PL intensity versus inverse temperature
for 7.

Fig. 4.4 shows the PL measurements of the 30 sccm C and 50 sccm H co-doped ZnO
NWs at different temperatures from 4.2 to 55 K. Typically excited states of DYX transitions,
such as DYX®, where the hole is from the B valence band should exhibit very low intensity
at the lowest temperatures, with increasing intensity at intermediate temperatures as the
excited state becomes occupied [60]. At T = 15 K a new transition at 3362.6 meV appears
and increases in intensity at higher temperatures. This transition is 1.4 meV above the
Zs line and is likely an excited state of Zs. However, the integrated PL intensity of the
Z-lines (Z1, Z9, and Z3) has a maximum at the lowest measurement temperature of 4.2
K, slowly decreasing with increasing temperature up to around 20 K, and falls rapidly for
temperatures above 20K. This is the typical thermalization behavior of the ground state
DYX transitions as observed for Ig, Ig, and Ig [23].

The inset of Fig. 4.4 shows that the integrated PL intensity of Z; versus inverse tem-
perature could not be fitted for the entire range with one activation energy given by the

simplified Boltzmann statistics. We have therefore used Eq. 1.7 to fit the data and obtained
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Table 4.1: Thermal activation energies obtained from the temperature-dependent PL mea-
surements.

BX E; (meV) Ej (meV) C Cy Ejoe (meV)

Z1y 26=+02 19.7+35 6.34 54204 14.7
Zo 15£03 17.7+13 092 5905 14.3
Zz3 17+£08 168+24 0.7 505 13.8

the fitting parameters as listed in the Table 4.1. The first activation energy of the Zs line
(E1) is about 1.5 meV which is close to the 1.4 meV separation between Zg line and the
above mentioned excited state transition. Similar thermalization behavior was observed for
the other Z-lines (Zy and Zs), which are shown in the Fig. 7?7 in the Appendix. C. The
localization energies (Ej,.) are shown in Table 4.1 as well which are just about in agreement
given the uncertainties in the values of the thermal activation energies (Eg).

With increasing temperature, the Z-lines exhibit a redshift as observed for the Iy tran-
sition. The observed red shift of 1.3 meV, when increasing the temperature from 4.2 to 45
K, is identical to that of the Iy transition. This is very much different from the behavior
of the much deeper Y-lines, which showed more red-shift compared with the Ig transition
for the same temperature range [38]. Hence the dependence of the energy positions of the
Z-lines with increasing temperature is very similar to the characteristics of shallow DX

transitions.

4.2.4 Two-electron-satellites (TES) and deviation from Haynes rule

As we discussed in Chapter 2, when an exciton bound to a donor impurity recombines, it
may leave the donor in one of its excited states. The observation of these TES transitions
is the signature of a DX and not a DX or isoelectronic transition, for example. In
the previous chapter we have unambiguously identified the TES transitions of the group-I11
donors in systematically doped ZnO NWs. Fig. 4.5 shows the principal (1s) DX transitions
of Is (Ga), the Z-lines, and the corresponding TES region for undoped and highly C and H
co-doped NW samples.

60



Chapter 4. Study Of Group IV (C and Sn) Doped ZnO

4x10° I I T T T L8 I T T

. 22
TES region Z3(2p) Z(29) Z5 (29) D°X region

Z,(2p) -,

.
.
.

lg

—

PL Intensity (a. u.)
N
T

e . e L L

P L R LEEr LELEEE EEE LN

1 S 1 [ LR o 1
3318 3320 3322 3324 3326 33>E\3 3358 3360 3362 3364
Energy (meV)

Figure 4.5: TES transitions of (a) undoped and (b), (c) and (d) highly carbon and hydrogen
co-doped ZnO NW samples.

The PL spectrum of undoped NWs (Fig. 4.5(a)) exhibited a very strong Ig transition
and corresponding Ga 2p and 2s TES transitions at 3317.9 and 3319.3 meV, respectively,
consistent with previously reported energies [23]. Fig. 4.5(d) shows strong Ig and Zs lines as
well as Ga 2s and 2p TES transitions and new transitions at 3322.8 and 3324.1 meV. Consid-
ering the strong PL intensity of the Zo-line, we assign these new lines to TES transitions of
Zs with energies 3322.8 meV (Zo- 2p) and 3324.1 meV (Z2-2s). Another weak transition at
3321.9 meV may be related to Zi, most likely Z1-2p. It is worth mentioning that these TES
transitions of Z; and Z, lines are distinct from the known AIl-TES transitions, observed
at 3321.3 meV (Al-2p) and 3322.3 meV (Al-2s) and reported in Chapter 4. PL spectra
shown in Fig. 4.5(b) and (c) exhibited relatively strong Zs line emission compared with the
sample in Fig. 4.5(d) and thus, in addition to Zy-TES, we have observed new transitions
at 3323.6 meV and 3324.9 meV. These transitions are 0.8 meV above the TES of Zs and
we have assigned the former to Zs- 2p (3323.6 meV) and the latter to Zs3-2s (3324.9 meV).
We did not observe any TES line related to Z4 in any of these samples. The donor binding
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energy can be estimated from the relation Ep = (Eis — Eap) + 12.6 meV. Therefore the
binding energies of the impurities associated with the Z;, Zs, and Zs-lines are calculated to
be 51.5+0.3 meV, 51.04+0.2 meV, and 50.7£0.2 meV, respectively.

Fig. 4.6 shows a plot of DX localization energy vs. donor binding energy for I, Ig, I,

and the Z-lines (Z1, Z2, and Z3). The group-III donors show highly linear behavior (Haynes
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Figure 4.6: Localization energy vs. donor binding energy for Al, Ga, and In-D°X transitions
and Z-lines (estimated from TES lines).

rule) and the data points for Zi, Zs, and Zs fall close to the same straight line. Table 4.2

lists a summary of the TES transitions and binding energies of Z-lines.

4.2.5 Excitons bound to ionized centers corresponding to Z-lines

Additional lines corresponding to DTX transitions of the Z-line transitions were also ob-
served in a large number of samples. Fig. 4.7 shows high-resolution PL spectra of Al-doped
and C- and H- co-doped ZnO NWs measured at 4.2 K measured in the D°X and DTX
region. As we showed in chapter 4, the D*X transitions of Ga (IJ), Al (I§) and In (Ig)
donors are observed at 3371.8, 3373.1 and 3367.6 meV, respectively. The C-doped samples
(Fig. 4.7-(b) and (d)) showed only the Iy transition and no signature of Ig was observed.
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As expected, we do not observe I;, but only the transition at 3372.5 meV which we have
assigned unambiguously to the I;r in the discussion in Sec. 4.2.2.
The intensity of some of the transitions shown in the DX region in Fig. 4.7 has a

strong correlation with different Z-lines. For example, the samples that showed only Zs
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Figure 4.7: High-resolution PL spectra of (a) Al-doped and (b)—(e) C- and H- codoped (50
scem) with C concentration varying from (b) 2.3 sccm, (c) 10 scem, and (d)—(e) 50 sccm
CCl.

and Z4 lines (Fig. 4.7-(b)) exhibited transitions at 3372.5 meV (I7) and 3373.2 meV. The
fact that the Z,4 line is relatively strong compared with the Zo line for this sample indicates
that the transition at 3373.2 meV corresponds to the DX transition of the Z, line. This
is confirmed for sample (d) that showed a very weak Z, line, and hence the Z] at 3373.2
meV was also very weak. However, the sample (e) showed a very strong Zs line and no Zy4

line and a new transition at 3373.3 meV in the D*X region. This transition at 3373.3 meV
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is not present when the Zs line is relatively weak. Hence the transition at 3373.3 meV is
assigned to Zj, the DX of the Zy line.

Samples (c) and (d) showed strong Z, Za, and Z3 lines, whereas the Zy line is weak. We
have also observed a doublet at 3372.5 meV and 3372.6 meV. The former is I7 and the latter
must be associated with Zf, which are 0.1 meV below I and 0.7 meV above I7. Moreover,
the transition at 3372.6 meV is observed only when the Z;-line is present. Similarly, the
transition at 3373.5 meV shows a very strong correlation with the Zs-line. As we can clearly
see in samples (c) and (d), the integrated PL intensity of the Zs-line increases while going
from samples (c) to (d) and we also observed an increase in PL intensity of the transition
at 3373.5 meV. We do not observe this transition (3373.5 meV) when the Zs-line is absent,
while the Zy and Z4 are present (see Fig. 4.7-(b)). This reveals that the transition at 3373.5
meV must be associated with the Zs-line. Therefore, we assign the transitions at 3372.6
meV and 3373.5 meV to Z{ and Z:J{, respectively.

The DtX versus DX energy positions are plotted for the Z-lines, I, and those of the
group-IIT donors in Fig. 4.8.
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Figure 4.8: DX versus DX of group-III dopants, Al, Ga and In (I, Ig, Iy) showing almost
linear behavior. The I; and Z-lines show a clear deviation from linear behavior.
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A linear fit was applied only to the Al, Ga, and In donor related transitions and they
all fall on the straight line [23]. The data points related to Iy (red spot), Z; and Za (blue

spots) fall very close to this line while not true for Z3 and Zj.

4.2.6 Discussion

As shown in Fig. 7?7 in Appendix. B, NWs grown with higher carbon concentrations ex-
hibited carbon-related graphitic D and G modes, at 1356 and 1598 cm ™!, respectively, in
Raman spectra which were not present in the undoped sample. Graphitic (sp?) carbon has
been observed by several groups in unintentionally-doped ZnO grown by MOVPE, typically
at low growth temperatures [66-68]. Park et al. [79] also observed a reduction in the in-
tensity of photoluminescence of C-doped ZnO films compared to undoped material, which
they attributed to non-radiative centers containing carbon. We observed similar results for
heavily Sb-doped ZnO NWs that exhibited D and G modes and a simultaneous reduction
in overall PL intensity at high Sb-doping levels (Chapter 5).

In the case of the Sb-doped samples, it is likely that the carbon originated from the trimethyl
antimony precursor used as the doping source.

On the other hand, the increase in PL intensity after H co-doping coincides with the sup-
pression of graphitic D and G modes observed by Raman spectroscopy. For example, the 10
scem C-doped sample without hydrogen exhibited strong graphitic D and G modes, and no
PL was observed (Fig. 7?7). Co-doping with 50 sccm of H resulted in complete suppression
of the D and G modes and strong PL emission. These results are in agreement with recent
reports showing a reduction in graphitic Raman modes by annealing ZnO planar films in
hydrogen [80]. The fact that all exciton emission increases with hydrogen concentration
suggests that the effect of hydrogen is to reduce the concentration of non-radiative traps in
the sample. Although it is known that hydrogen has been known to have passivating effect
in Si [81], its role in our samples is not yet clear.

There are several theoretical and experimental reports of hydrogen in ZnO. Van de
Walle [82] suggested that hydrogen can form a shallow donor in ZnO and acts as a source
of conductivity. Hydrogen can be substituted in an oxygen site and forms an Hg de-
fect [23, 78, 83]. Even at the maximum hydrogen flow (50 sccm) for these co-doped NW
samples, there was no evidence of the I line in the PL spectra. This indicates that the

hydrogen co-doping does not generate the Ho defects although we cannot rule out the pos-
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sibility of hydrogen incorporation at other lattice sites.

Meyer et al. showed that the hydrogen related I, line can be completely annealed out
by heating the bulk ZnO crystals above 600°C [23]. There are several reports about other
forms of hydrogen defects in ZnO which also anneal out at temperatures above 190°C [78]
and 300°C [84]. In contrast, the Z-lines are highly stable even after annealing at 900°C
under NoO. Hence, it is highly unlikely that the donor defects responsible for the Z-lines
contain hydrogen. It is likely that hydrogen plays a role at the surface, for example, by
reducing the formation of non-radiative carbon clusters, or by modifying the concentration
of native defects at the growth surface.

It is worth noting that chlorine is also one of the chemical components of the carbon-
doping source used in this study (CCly) and it could be involved in the combination of some
of the Z-lines complexes. Cl was identified as a shallow donor in the electron paramagnetic
resonance studies [85]. This needs to be investigated further by careful doping of ZnO with
Cl. To date, there are no confirmed reports of shallow DX from Cl donors. The donor
binding energy of Cl is also unknown.

The deviation of the Z-lines from Haynes rule is negligible compared to other reported
defects like the Y-line and Ge DDy center. However, there is a systematic shift from the
group-III donor behavior that suggests some differences in the core electronic structure of
the defect responsible for the Z-lines. Based on the correlation of PL intensity with carbon
doping concentration it is highly likely that the defects related to Z-line transitions contain
carbon in addition to some other native constituents, such as Zn; and Oy . The fact that
several Z-lines are observed in the PL spectra of these samples with varying intensity ratios
coupled with the lack of thermalization between the individual Z-lines suggests that they
are different defects. Table 4.2 gives a summary of the D°X and D*X transitions of the

Z-lines discovered during the course of this thesis.
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Table 4.2: Summary of the D’X and DX transitions of the Z-lines and their corresponding
TES transitions. Absolute energy uncertainties are +0.1 meV.

TES transitions and donor
DYX transitions D*+X transitions

binding energies (meV)

Line  Energy 2s 2p Ey Line  Energy

VA 3360.8 | 3321.9 - 51.5+0.3 | Z] 3372.6
Zy 3361.2 | 3324.1 3322.8 5140.2 73 3373.3
73 3361.7 | 3324.9 3323.6 50.7£0.2 | Z3 3373.5

Zys  3361.9 - - - Zi 33732

4.3 Free-to-bound and donor—acceptor—pair emissions

Free-to-bound (e,A") and donor-acceptor-pair (DAP) transitions in ZnO are particularly
interesting since they have been observed in a variety of ZnO samples, undoped or inten-
tionally doped with various dopant species, particularly group-V elements. The knowledge
of the dependence of these emission lines on the growth conditions is desirable since they
offer insight into the physics of acceptors in ZnO, which are urgently needed for device
applications.

Conclusive evidence for acceptor impurities in ZnO comes from two PL signatures: DAP
emission and e-A° emission . For example, a DAP band in the range 3.21-3.24 eV has been
observed in N-doped ZnO materials [31, 42, 43, 86|, corresponding to an acceptor binding
energy in the range 160-180 meV. Additional PL evidence for acceptor behavior in ZnO
comes from reports of free-to-bound PL emission in ZnO at around 3310 meV [45]. Based
on a localization energy of the bound-particle of around 130 meV, it was concluded that
the band originates from free electrons recombining with holes bound to acceptors (e,A?)
in the vicinity of crystal defects, e.g. basal plane stacking faults.

In this section, we have studied two distinct transitions in carbon and carbon-hydrogen
co-doped ZnO nanowires, and have assigned them to previously identified DAP and (e,A°)

transitions from two distinct acceptor impurities, based on excitation power-dependent,
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temperature-dependent, and time-resolved PL measurements. The time resolved photolu-

minescence was done at Technical University of Berlin in Germany.

4.3.1 Steady state photoluminescence

Fig. 4.9(a) shows typical high-resolution 4.2 K PL spectra of undoped and doped ZnO NWs,
in the (D°X) region. These samples are undoped, 0.5 scem carbon doped (sample A) and 30
scem carbon and 50 scem hydrogen co-doped (sample B). The PL spectrum of the undoped
ZnO NWs shows excitonic lines at 3360.1 and 3356.8 meV (I7 and Ig), respectively. Their
corresponding DX are also observed at 3372.5 and 3367.6 meV, respectively. The sharp
linewidths indicate the high purity of these NWs.
In addition to these transitions, Z-lines and Y-lines are also observed. According to our
discussion in section 4.2.1, carbon doping increases the intensity of the Z-lines relative to
the Ig transition, while decreasing the overall intensity of the PL. As can be seen from
Fig. 4.9(a), the Z-lines are much more intense in the co-doped samples and dominate the
PL spectrum.

First we will discuss the lower energy region of the sample doped only with carbon. We
will show that the observed bands are consistent with DAP emission. The PL spectra of

the lower energy range for these samples are shown in Fig. 4.9(b).
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Figure 4.9: 4.2 K PL spectra of the undoped, carbon doped (sample A) and carbon and
hydrogen co-doped (sample B) ZnO NW in the (a) bound-excitonic and (b) lower energy
regions.

The PL spectrum of sample A (carbon doping only) exhibited a transition at 3236.7 meV
with its clearly structured phonon replicas at a multiple of 72 meV lower energy. Strong
phonon replicas are typical of DAP in compound semiconductors and originate from the
electron-LO phonon coupling of the donor/acceptor states to the polar lattice. Both sets
of samples exhibit an extra transition at 3308.8 meV. This transition is several orders of
magnitude stronger in the hydrogen co-doped sample B. For this transition the phonon

replicas are much weaker, consistent with a different physical recombination mechanism.
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We will show that the transitions at 3308.8 and 3236.7 meV in samples A and B are
due to free-to-bound (e,A?) and donor-acceptor pair (DAP) recombination at two distinct
acceptors. In order to further investigate the origin of these peaks, they are characterized

in terms of their dependence on temperature, excitation power, and time decay dynamics.

4.3.2 Temperature and power dependent measurements

The temperature-dependence of the PL spectra of sample A is plotted in Fig. 4.10 in the
temperature range from 4 to 200 K. The thermal quenching of the DAP luminescence

happens at temperatures higher than 160 K. No evidence of free-to-bound transitions (e-
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Figure 4.10: Temperature-dependence of the DAP transition in carbon doped ZnO NWs
from 4.2 K to 200 K. Inset: Integrated PL intensity versus inverse temperature

AY) related to this transition is observed at higher temperatures.

The integrated intensities of the zero phonon DAP lines vs. temperature is plotted in
the inset of the Fig. 4.10. These results have been fitted with a simple Boltzmann statistics
model, Ipr(T) = l—i-Cepr—_OEa/kBT where Iy and C' are constants, kp is Boltzmann’s constant
and FE, is the activation energy. After fitting, the activation energy of the DAP line is
estimated to be 65 £ 8 meV. This value is in the range of typical shallow donors in this

sample such as In and C with donor binding energies of 61.9 and 51 meV.

Fig. 4.11 shows PL measurements as a function of excitation power for sample A (left
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panel) and sample B (right panel). At low temperatures, the energy of the emitted photon
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Figure 4.11: Excitation power dependent PL measurements done for sample A (left) and
sample B (right). The inset figure is variation of peak energy position with excitation power
in sample A (log scale) and the solid line is a fit to Eq. 4.2.

Epap(r) of a DAP recombination is given by [87]

Epap(r) = E, — (B4 + Ep) — E (). (4.1)

e2

where E4 and Ep are the acceptor and donor binding energies, respectively. E(r) = — ;5

is the Coulombic interaction energy of the ionized donor-acceptor pair separated by distance
r, and € is the dielectric constant.

Fig. 4.11 clearly shows that the DAP transition energy blueshifts with increasing excita-
tion power intensity because of the saturation of long distance DAP as follows from Eq. 4.1.
This behavior unambiguously confirms the presence of a DAP recombination process. The
dependence of peak energy of a DAP band on excitation power provides information about
the binding energies of the relevant donors and acceptors. The peak energy of the DAP

emission hvy, is related to the excitation intensity I, by [88]
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(hvp, — hyoo)3 ( hvg — hyoo)
I, = —2— ). 4.2
“r (hvp + hvso — 2hvy,) eXp hvpy, — hvse (4.2)

where hvoe = [Ey — (Ea + Ep)] is the photon energy corresponding to an infinitely distant
donor-acceptor pair, hvg [= E; — (Ea + Ep) + €% /eRp] is the emitted photon energy of a
donor-acceptor pair separated by a shallow impurity Bohr radius Rp. The solid line in the
inset of Fig. 4.11 is a nonlinear least square fit to the experimental data giving the values
of hvy and hvg. The fit parameters obtained from a fit of experimental data to Eq. 4.2 are

listed in Table 4.3.

Table 4.3: Values of fitting parameters of Eq. 4.2.

DAP (meV) hvy (meV) hvg (meV) Eg (meV)
3236.7 3209.9 3268.4 176

We obtained an acceptor binding energy of 176 meV from the fit assuming the dominant
donors in this sample are carbon-related with a binding energy of 51 meV [89] based on the
observation of the Z-line D°X peak. This acceptor binding energy is in agreement with the
previously reported values for acceptor binding energies in nitrogen-doped ZnO [16, 17, 42].
On the other hand, the energy position of the line at 3308.8 meV did not change with the
excitation power density measurements as shown in Fig. 4.11 (right figure).

Next we turn our attention to the sample B, co-doped with hydrogen and carbon which
exhibits a dominant broad peak at 3308.8 meV (fig. 4.9). We will show that the dominant
emission here is due to a free-to-bound (e-A”) transition. There is uncertainty in assigning
the transition at 3310 meV to (e,A") or DAP or AX [33, 41, 45, 90]. There are some claims
that (e,A%) in ZnO is due to recombination of free electrons with acceptors located at basal
plane stacking faults [91]. Schirra et al. presented evidence based on cathodoluminescence
and transmission electron microscopy (TEM) that the 3.31 €V line is due to the recombi-
nation of free electrons to bound acceptors localized at stacking faults [45]. Tainoff et al.
suggested, according to the emission from their microcrystalline samples, that this defect
is of crystalline origin [92]. Fig. 4.12 shows temperature-dependent photoluminescence of
sample B in the range of 4 to 105K. The emission line at 3308.8 meV is the strongest line.
It is noteworthy to mention that as we added hydrogen in the presence of CCly the emission

at 3308.8 meV greatly increased and is several orders of magnitude stronger compared to
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the PL of undoped ZnO at this energy.
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Figure 4.12: Selected temperature-dependent PL of sample B in the lower energy region.
The inset figures are (e,A") transition at 4, 26 and 105 K with the fitted lines which are the
convolutions of Eq. 4.1 with Gaussian (for 26 K) and Lorentzian (for 105 K) functions.

The assignment of this line to an (e-A®) transition is based on the rather asymmetric
lineshape observed at higher temperatures, coupled with its temperature-dependence.

In order to evaluate the validity of the (e-A°) model to our data, we began with a
lineshape analysis at different temperatures as shown in Fig. 4.12. For low temperatures (4.2
K) we fit the line with the superposition of two Gaussians, where the first one corresponds
to a weak unidentified peak at low energy, and the dominant one (FWHM = 2.5 meV)
reproduces the statistical energy distribution of the acceptor states. For higher temperatures
we used the ideal line shape equation for an (e,A°) transition convoluted with a Gaussian.
This is given by the product of the density of the electron states in the conduction band

and the Fermi distribution, which can be approximated by the Boltzmann distribution for
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nondegenerate doping, [93]

I(hw) = \[hv — (B, — Ea)e™ (= (BsBOI/KT (4.3)

where I(hv) is the intensity, E, is the temperature-dependent bandgap and Ej4 is the
acceptor binding energy.

In the higher temperature fits (T > 4.2 K) we assumed the electron temperature was
the same as the experimental lattice temperature. In order to fit the line better, especially
at the lower energy tail, we used the convolution of a Gaussian (for 26 K with FWHM =
3.5 meV) or a Lorentzian (for 105 K with FWHM = 9.4 meV) with Eq. 4.3. From these
fits we derived an acceptor binding energy of 133 + 5 meV which is in agreement with
the value of 130 meV reported by Schirra et al. [45] This is significantly different from the
acceptor binding energy estimate obtained for the DAP band in the carbon doped samples,
and points to a different physical origin. In addition, no DAP band corresponding to the
130 meV acceptor was observed even at 4.2 K.

The strong (e,A°) transition at low temperature indicates that the donors are being
saturated more easily in these samples, resulting in excess free electron density. This may
indicate possible p-type behavior in these samples, or at least a high degree of compensation.
During the SEM microscopy of these samples a strong charging effect was observed which

could be related to the high degree of compensation in these samples.

4.3.3 Time resolved photoluminescence

In order to further verify our assignments of the 3236.7 and 3308.8 meV transitions to DAP
and (e,A") in samples A and B, respectively, time resolved PL (TRPL) measurements were
performed. I begin with a discussion of the DAP band in sample A doped only with carbon.
Fig. 4.13 displays the PL transients (open circles) at fixed spectral energy positions of the
DAP band marked with labels A to I in the inset figure for sample A. Due to the statistical
distribution of donors and acceptors in the crystal every acceptor will be in a different

environment, which causes a distribution of lifetimes.
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Figure 4.13: Decay of DAP photoluminescence intensity at 3262.9, 3255.06, 3233.5, 3219.81
and 3208.27 meV (marked A-I) as can be seen from the inset in sample A. The solid lines
are the fits to Eq. 4.2, see text.

As shown in Fig. 4.13, all the measured transients show multi exponential behavior as
well as the expected longer decays for distant pairs due to decreased wave function overlap.
Thomas and Hopfield [87] analyzed the decay kinetics of DAP recombination and their
analysis has been applied to other materials like GaN [94], ZnSe [95] and ZnO [88]. Based
on their theory, the intensity, Jg(t), of the emitted DAP photons with energy E at a time

t is given by
Je(t) = W(r)exp(—=W(r)t) x exp |47 Np / {exp[-W (r)t] — 1} r2dr (4.4)
0
The recombination rate is W (r) = Wyexp(—2r/ap), where Wy is the recombination con-

stant and ap is the Bohr radius of the shallow donor. The dynamics of the DAP decay
according to Eq. 4.4 are determined by the parameter set of Wy, Np, ap and E4. The pair
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separation r was calculated from the DAP recombination energy, given by Eq. 4.1.

We assumed E;=3436 meV [43] and Ep=>51 meV [89]. The solid lines in Fig. 4.13 repre-
sent the best fits to the data using Wy = 2.8x10'2 s ', Np =3.6x10"®¥ cm™3,ap = 1.6 nm
and F4 =181+5 meV. The estimated acceptor binding energy is in agreement with the 176
meV calculated from the excitation power intensity analysis presented earlier in the previous
section.

The decay transients were also measured for higher energy positions, like the position
labeled A in the DAP band (inset, Fig. 4.13), and showed shorter lifetimes compared to the
lower energy positions, confirming the DAP assignment.

Fig. 4.14 shows time resolved data for the (e-A°) line in the carbon-hydrogen doped

sample (sample B). Transients from Iy at 3356.8 meV and the free-to-bound transition at
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Figure 4.14: Low-temperature time-dependent PL intensity at Iy and (e,A°) positions for
sample B. The symbols are experimental data and the solid lines are the fitted curves
assuming monoexponential decay.
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Table 4.4: Energy position and binding energies of the acceptor related transitions in sam-
ples A and B

sample doping Energy position (meV) | Line identity | Acceptor binding energy (meV)
Carbon (sample A) 3236.7 DAP 181+5
Carbon-hydrogen(sample B) 3308.8 (e-A) 13345

3308.8 meV at 4 K are compared. The experimental results (symbols) are fitted with ex-
ponential decays (dashed lines) of the form I () = >° A;exp(—t/7;). The lifetime of the
(e,A%) transition is well described by a single exponéntial time constant of 808 ps. The
DX lifetime is considerably shorter than the (e,A?) transition. Urgessa et al. [96] reported
similar behavior for transitions at ~3316 meV which were assigned to recombination at
basal plane stacking faults, and had a lifetime of ~ 500 ps. Fallert et al. [44] also observed a
monoexponential decay of the transition at 3.31 eV for their ZnO nanocrystals being around
three to five times longer than the decay time for the dominant shallow bound-excitons in
their different samples. It should be noted that they assigned this transition to surface
defect states.

The longer lifetime of the (e,A°) transition compared to the Iy transition in this sample
can be explained by the decreased overlap of the wave functions of electrons and bound
holes in a free-to-bound transition. The decay behavior of the 3308.8 meV further excludes
the possibility that it is due to a 1 — LO phonon replica. Taken together the previous data

strongly support the identification of the 3308.8 meV lines as an e-A° transition.

4.3.4 Discussion

The preceding results are consistent with the formation of two distinct acceptor species in
the presence of carbon dopant, or carbon/hydrogen co-dopant. Table 4.4 shows a summary
of the transitions with their corresponding binding energies in the samples studied in this
work. Considering the case of doping with CCly only, and given the fact that the DAP
band at 3237 meV occurs at the same position as the DAP reported previously in nitrogen
doped ZnO samples [16, 31, 43], it is likely that nitrogen related defects are responsible.
Lautenschlaeger et al. observed a DAP band very similar to our results, despite the use of

carbon free precursors [16]. This suggests that carbon is not responsible for the DAP band
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in our carbon doped samples.

It is likely that the carbon source facilitates the decomposition of nitrogen in the gas
phase since a N20 precursor is used during the growth. The question of why we do not see
an (e-A%) transition corresponding to this DAP may be explained by the obviously higher
concentration of non-radiative traps in the CCly-only samples, based on the very weak PL
intensity (Fig. 4.9). Such a high density of traps would greatly reduce the free electron
concentration available for (e-A°) recombination.

Turning to the case of the carbon/hydrogen co-doped samples, the situation is quite
complex. Hydrogen clearly suppresses the formation of the DAP emission, which could
be due to the suppression of the NO formation mechanism which we postulated earlier,
however the details are yet to be determined. It is clear that the co-doping of carbon and
hydrogen leads to strong excitonic emission from the Z-lines, which have been identified
as DYX emission associated with possible carbon-related donors as discussed earlier in this
chapter. Whether carbon can also incorporate as a relatively shallow acceptor complex
consistent with the observed 3309 meV (e-A) transition remains an open question.

The presence of a strong (e,A%) transition in the carbon/hydrogen co-doped samples in-
dicates a high concentration of free electrons in these samples. This indicates that the donor
defects responsible for the DX transitions are fully saturated, resulting in a net buildup
of free electrons, but not free holes. This could arise either from strong compensation or
perhaps is evidence of net p-doping.

This would also explain the absence of any DAP band corresponding to this acceptor in
these samples. The other possibility of a free-hole to bound-donor (h-D°) transition can be
ruled out since simple considerations show that it should occur at a much higher energy,
close to the bound-exciton region for the known shallow donors in ZnO. Further work is

required to investigate the transport properties of these NWs.

4.4 Study of Sn-doping in ZnO

Very little is known about the behavior of Sn in ZnO. It is a group-IV impurity and it acts
like other heavier atoms with similar atomic mass to occupy Zn sites (Sngzy) in ZnO [14,
71, 97]. Cullen et al. [64] have recently shown that radioactive " Ag implanted ZnO single
crystal resulted in the observation of the 11y PL line at 3353 meV. Based on the radioactive

decay of In to Sn, it was conclusively confirmed that the center in Ijy contains Sn on a
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Zn site. Meyer et al. also observed the I;g emission line in the PL spectrum of Li- and
Na-doped ZnO single crystals [30]. Since Li is postulated to give rise to an acceptor state,
one model for I1¢ could be the formation of a Sn-Li nearest neighbor double donor-acceptor
pair, which would act as a single donor. A recent report [98] on Li diffusion in ZnO has
shown the blue band in the PL spectra and this will be an evidence of the role of Li in
these samples. However, the nature of impurity associated with Sn-related transition in
photoluminescence is not clear yet.

In this section, we have studied the effect of Sn-doping on the photoluminescence of ZnO
single crystals. The samples under study were grown at Oak Ridge National Laboratory by
the chemical vapor transport (CVT) method as explained in chapter 3. Part of this work
was published in Journal of Luminescence 176 (2016) 4748.

4.4.1 Effect of Sn-doping on the excitonic region of the PL spectrum

Fig. 4.15 shows typical high-resolution PL spectra of the undoped (A) and Sn-doped ZnO
single crystals (B-E), in the bound-excitonic region, recorded at 4.2 K. The PL spectrum
of the undoped sample (A) shows several emission lines in this region. Among them are
previously identified transitions such as Iy (In), Is (Ga), Iy (unknown origin), Is (Al) and
their corresponding DX transitions along with I;; (one of the Y-lines) and free excitons
(FX). These transitions have linewidths as low as 66 ueV (I1), 170 ueV (Ig) and 260 eV
(I) revealing the low concentrations (<10'® cm™3) of residual impurities in these crystals.

Another transition with relatively weak PL intensity at 3353.2 meV was observed in the
PL spectrum of this unintentionally-doped crystal, which is very close to the previously as-
signed Iy line position at 3353.1 meV [23]. This transition shows an increase in PL intensity
relative to the residual Iy transition as a function of increasing Sn-doping, suggesting that
it may be associated with a defect containing Sn. However, the actual Sn concentration is
not known and appears to be quite low based on the sharpness of the observed PL lines.
The unintentionally-doped ZnO crystals (e.g. A in Fig. 4.15) are highly transparent, with
no apparent color. The doped samples exhibit different ranges of blue color changing from
sample to sample within the same growth run. Regarding the change in the color of the
single crystals with different Sn-doping levels, the darker ones exhibit high relative intensity
of I1o compared with the other residual donors. Also, the linewidth of the I;g line increases

from 66 peV for the undoped sample to 500 peV for the darkest blue samples.
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Figure 4.15: 4.2 K PL spectra of the undoped (A) and Sn doped (B-E) CVT grown ZnO
single crystals.
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The samples with significant 11y doping tend to have a feature at 3363.2 meV labeled
I, in Fig. 4.15, which was previously attributed to the D*X transition of I;o [30] however

in that work the chemical origin of 119 was not yet known.

4.4.1.1 Thermalization behavior of the I,; transition

The temperature-dependence of the Ijg transition should cast more light on the nature of
this transition. Fig. 4.16-right shows the Ig and I;¢ transitions at the range of temperature
between 4 to 45 K. Iy line follows thermalization behavior similar to Iy and its intensity
falls steadily with increasing temperature. This is characteristic of the ground state of a
bound-exciton transition.

Fig. 4.16-left shows the integrated line intensity of the Iy and Ijp transitions as a
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Figure 4.16: (right) PL spectra of the Sn-doped sample at different temperatures from 4.2
K to 45 K and (left) Temperature-dependent integrated PL intensity of Ig and I;¢ lines.

function of temperature. The integrated PL intensity is fitted using Eq. 1.7 and the thermal
activation energies are 1942 meV and 2242 meV for Ig and Iyg, respectively. These values
are close to the respective spectroscopic binding energies of the Ig and I;g transitions of 18.8

and 22.4 meV. This confirms that the I1p-line is associated with shallow impurity centers.
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Fig. 4.17 shows the spectral shift of the Ig, Ig, I19g and Y lines as a function of temperature

in the range of 4.2-45 K. The solid lines are least-square fits to the experimental data. The
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Figure 4.17: Temperature-dependent energy positions of the Ig, Ig, I1p and Y lines. Solid
lines are fits to the data points using Eq.4.5.

fitting equation (Eq. 4.5) is obtained using a model by Vina et al. [99] based on a Bose-
Einstein model which gives more reliable description in the low temperature range. The

fitting parameters are listed in Table 4.5 for each transition.

E(T) = Ey — (4.5)

I
exp(%) -1
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Table 4.5: Summary of the fitting parameters used in Eq. 4.5.

Transition « (eV/K) © (K)

Ig 54+£09 T44£5
I 3.0£06 56=L6
Tio 5.6 £0.8 76+£5

Y-line 17+3 72+£5

where FEj is the emission energy at T = 0 K, « is a parameter associated with elec-
tronﬁASphonon coupling, and © is the effective phonon temperature. The solid lines in
the figure represent the least squares fits to the data points. It is evident from the
Fig. 4.17 that shallow bound-excitons exhibit different energy shift as a function of temper-
ature compared to the deeply bound-excitons (Y-line) in the temperature range from 4.2 to
45 K. In the case of shallow D°X transitions a decrease in the localization energy is reported
which is explained by the screening of the impurity potential caused by the increasing free
carrier concentration with increasing temperature [38]. In contrast to Y-line which has
a smaller thermalization behavior compared to other shallow impurities, Iy transition is
behaving like other shallow bound-excitonic transitions. This confirms that the impurity
responsible for the I1g line is a shallow donor defect with a central cell potential similar to

the group-III donors.

4.4.2 Two-electron-satellites and Haynes rule

Fig. 4.18 shows the D’X and TES energy region for one of the Sn-doped samples. In the
TES region, there are In (2s) and (2p) transitions at 3312.1 and 3307.5 meV, respectively
along with two other transitions at 3301.1 and 3294.7 meV which are assigned to 2s and
2p levels of Sn donors. These are close to the previously reported 2p transition of the I
line [23]. Knowing the position of the 2p line we can estimate the donor binding energy of

71.1 meV for Iyg which is close to the value of 72.6 meV obtained earlier [23].

83



Chapter 4. Study Of Group IV (C and Sn) Doped ZnO

L B L A\ L L U LS | I i
Sn Sn In In Sn In
| (@p) (29) (2p) (29) (1s) (1s)

58.5 meV———

e 49.3meV.

4.6 me:V

TES DOX

PL Intensity (counts/sec)

[ R |§..\\..|..4../1“.E.

3200 3300 3310 3340 3350 3360 3370
Energy (meV)

Figure 4.18: DX and TES region in the PL spectra of Sn-doped ZnO samples.

In order to obtain more information about the origin of Sn impurity in ZnO and compare
it with other impurities in ZnO, their corresponding localization energy vs. donor binding
energy (Haynes rule plot) is shown in Fig. 4.19. Ge [65] and Y-line are also included in
this graph. 2s-2p splittings for these donors are also shown in this figure which indicates a
similar systematic increase in central cell correction for the 2s donor state. It is clear that
the Sn-related donor conforms very well to these trends. Note that In and Sn have the same
core electronic structure.

While g is very similar to the known shallow single donors from group-III, it is in
strong contrast to Ge, another previously studied group-IV impurity, which has a donor-
bound exciton emission at 3324 meV [65]. Ge exhibits a similar final state donor binding
energy but a much deeper exciton localization energy, as evident from Fig. 4.19-(a). Similar
behavior is observed for the Y line defect at 3332.6 meV, suggesting a similar possible origin.

A detailed microscopic model for these transitions is not yet available.
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Figure 4.19: Dependence of the (a) D°X and DT X localization energies and (b) TES energy
separation (FE9, — E1,) on the donor binding energies. The values for Ge are taken from
Ref. [65].

4.4.3 Discussion

The I transition was previously observed in Na- and Li-doped ZnO crystals while its origin
was not identified [23]. PL measurements on ZnO crystals implanted with the radioactive
impurity ''7Ag by Cullen et al. resulted in the appearance of the Ijo-line which was absent
in the primary sample [64]. Radioactive 17Ag decays into radioactive ''"In, and then to
stable 1'7Sn which resulted in the appearance of the I;y line in the PL spectrum. Based on
the observation of its corresponding TES lines at 3294.7 and 3301.1 meV, it is verified to
be a DX transition with a binding energy of 71.1 meV.

Sn is a group-IV impurity and since it occupies the Zn site, it should be a double donor
with two extra electrons per Sn atom. We can rule out an isolated Sny, double donor since
it is not expected to have 2s/2p excited final states because of the expected pairing of the
electron spins. It is likely that Sn is partially compensated by acceptors and therefore acts
as a single donor. Ge is also a group-IV element and has been studied as an impurity in
ZnO [65, 71]. It was shown that Ge acts in a similar way to the Y-line in ZnO regarding
its thermalization behavior and the fact that neither follow Haynes rule. They deeply bind

excitons in ZnO and were considered to be related to structural defects.
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In contrast Sn acts as a shallow donor. This is supported by its thermalization behavior
since its thermal activation energy is on the order of its spectroscopic energy. In addition,
it follows the Haynes rule like other shallow impurities. Previously, Wagner et al. [38] had
shown that different thermalization behavior of Y-line with lower thermal activation energy
was due to the fact that only one particle (hole) was dissociated thermally. In contrast to
that, I1p-line had thermal activation energies in order of its localization energy which means
exciton was bound to this defect center as a whole quasiparticle. It is also worth mentioning
that, unlike the Ge and Y-lines, excitons can bind to ionized Sn centers and form Ifo at
3363.2 meV.

According to the previous reports on Li- and Na-doped ZnO single crystals and the
appearance of the Ijo transition in their PL spectra [23], we speculate that the I;o center
contains Li or Na. One model for I;g could be the formation of a Sn-Li nearest neighbor
double donor-acceptor pair, which would act as a single donor. Li diffusion of Sn-doped

ZnO single crystals could cast more light to the nature of this defect.

4.5 Conclusion

In this chapter the effect of intentional carbon and Sn-doping on the PL spectra of ZnO was
studied. Neutral and ionized DX features related to group-IV dopants, C and Sn, in ZnO
were observed. ZnO NWs co-doped with C and H were grown by MOVPE. High-resolution
PL studies of these doped ZnO NWs at 4.2 K reveal four strong shallow donor-bound exciton
transitions, which we named as Z-lines and which dominate the excitonic PL intensity at
high dopant concentrations.

The presence of hydrogen as a co-dopant greatly increases the PL intensity, but does not
result in excitonic hydrogen related PL emission. The dependence of exciton localization
energy on donor binding energy follows the same trends as the group-III donors (Ig, Ig, and
Ig) but what is not clear so far is the reason that carbon-doping leads to multiple lines in
the PL spectra associated with the Z-line.

DX transitions of these Z-lines were also identified by correlation of PL intensity with
the corresponding DX transitions. PL studies on post annealed samples reveal that the
Z-lines are stable even after heating at 900 °C, which argues against the possibility of H
being one of the impurities in the complex. The appearance of DAP and (e-A°) emission

at 3308.8 and 3236.7 meV is a clear evidence of distinct acceptors.
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Two distinct acceptors with binding energies of 133+5 and 18145 meV are confirmed
by varying the excitation power and temperature, and by time resolved measurements.
The 3236.7 meV peak is only observed in the presence of CCly and is identified as a DAP
transition corresponding to an acceptor binding energy of 18145 meV. This is very close to
previous reports of intentionally nitrogen-doped ZnO, and suggests that the CCly precursor
leads to the decomposition of NoO to more reactive forms which incorporate in the NWs.

The 3308.8 meV emission is strongest in ZnO nanowires co-doped with CCly and Hs
and is assigned to a previously reported (e,A°) transition. The absence of DAP emission
in the carbon-hydrogen co-doped samples, along with a strong (e,A°) transition suggests a
possible p-type behavior in these samples, or at least a high degree of compensation.

The optical properties of ZnO single crystals doped with Sn impurities were investigated.
We found enhanced intensity of the Iy transition in intentionally Sn-doped samples. It is
noteworthy that the variations in Sn-doping observed by PL are not attributed to changes
in the SnO4 precursor concentration, but rather to variations in the incorporation of Sn in
different parts of the growth chamber due to variations in the temperature and other local
growth conditions.

The temperature and energy level dependence of the Sn-related DX transitions show
strong similarities with other shallow donors but they are in strong contrast to the behavior
of Ge-related D°X complexes and the defect related Y-line luminescence centers in ZnO.
Two-electron-satellites and donor-bound exciton transitions were observed in agreement
with previous studies where the origin of the I;y peak was unknown. Our results add
support to a previous defect model for I;g consisting of substitutional Snyz, complexed with

a single shallow acceptor impurity for example Li or Na [23, 30].
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Chapter 5

Study of Sb-Doped ZnO Nanowires

5.1 Introduction

The study of group-V elements of the periodic table like N, P, As and Sb in ZnO is important
because of the possibility of realizing p-type conduction. In theory, substitution of oxygen
by these elements could lead to p-type ZnO. Most work has focused on nitrogen because
of its close match in atomic radius to oxygen, however, it is now known that substitutional
nitrogen behaves as a very deep acceptor [100]. As a result a great deal of effort has focused
on heavier group-V elements like P, As, and Sb. However, the ionic radii of these elements
are much larger than that of oxygen and it is believed to be very difficult to dope them
on O sites. Wahl et al. [14] have shown using electron emission channeling experiments
that Sb prefers to occupy the Zn site rather than O site. In order to explain apparent p-
type conduction in Sb-doped ZnO, first principle calculations were performed that indicate
that Sby, can form a complex with two zinc vacancies (Vyz,) forming an acceptor complex
(Sbzy — 2Vzy,) [101].

It has also been shown by Liu et al. [102] that Sb can behave as a donor in ZnO and lead

to n-type conductivity. As part of this thesis, carefully controlled Sb doping of ZnO NWs
was performed and a new feature was conclusively identified as due to shallow Sb donors
based on the observation of a new DX transition in Sb-doped NWs.
This chapter will be concerned with the identification of this Sb-related transition by means
of temperature and dopant concentration dependent PL measurements, along with magneto-
PL to investigate the defect type of this transition. Part of this work is published in
Appl.Phys.Lett. 102, 132105 (2013).
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5.2 Morphology of the Sb-doped nanowires

Fig. 5.1 shows edge view SEM images taken from samples grown under identical growth
conditions (explained in Chapter 2) with different concentrations of Sb doping in the source
gas ranging from 3.8 to 76.4 nmol/min. The undoped sample has relatively uniform NWs
with almost no tapering. The average length and diameter are in the range 1-2 ym and
160-200 nm, respectively. Increasing the TMSb flow rate induced a reduction in the length

of the wires and increased the lateral growth.

Figure 5.1: Effect of Sb doping on the morphology of ZnO NWs (a) undoped and (b) 19.1
(c) 38.2 and (d) 76.4 nmol/min Sb doped.

High-resolution X-ray diffraction measurements confirm that the NWs are highly ori-
ented along the c-axis even at the highest doping level. No Sb related secondary phases

were observed in any of these samples by XRD.

5.3 Optical Characterization of the Sb-doped nanowires

5.3.1 Effect of Sb doping on the excitonic region in the PL spectrum

Fig. 5.2 shows the PL spectra of the undoped and Sb doped NWs at T' = 4.2 K. The PL
spectrum of the undoped NWs is shown here for reference. Similar to the PL spectra of
the undoped samples in the previous chapters, strong Ig and Iy transitions are seen at their
conventional spectroscopic positions with narrow linewidths as low as 0.20 meV. The other
lines in the spectra are all identified according to the discussions in the previous chapters.
As we add a very small amount of Sb (3.4 nmol/min) we observe a new transition at 3364.3
meV along with other transitions present in the undoped spectra. This transition which is

absent in the undoped ZnO NWs is observed for the first time in ZnO doped with Sb.
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Figure 5.2: Effect of Sb doping on the PL spectra of the ZnO NWs at T = 4.2 K. The PL
spectra are shifted in the y-axis for clarity.

Fig. 5.2 shows a systematic correlation between the intensity of this new transition and
the Sb flow rate. At the highest doping level (76.4 nmol/min), the PL spectrum decreases
in intensity while the intensity of the new transition becomes comparable to the residual
Ig and Iy transitions. Nanowires with higher Sb flow rates showed no PL emission. The
intensity of the 3364.3 meV transition scales with TMSb which suggests that this emission
line is associated with excitons bound to Sb related impurities and we label it Igp for the
rest of this work. It is worth mentioning that based on PL studies on radioactive ''7Ag
implanted ZnO single crystals, Cullen et al. [64] also observed this Sb related emission at
3364.3 meV and published a report at the same time as our initial report.

Our room temperature Raman scattering measurements of the higher level of Sb doped
NW samples show carbon related D and G modes at 1356 and 1598 cm™'. As we discussed
previously in the case of group-IV dopants the onset of the D and G modes correlates with
the decrease of the overall PL emission.

PL of the 38.2 and 76.4 nmol/min Sb-doped ZnO NWs showed a slight increase in the

intensity of one of the Z-line transitions (Iz4, 3362.0 meV) compared with the undoped
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NWs. As we showed in Chapter 4, the Z-lines are due to carbon impurities in ZnO. At
higher Sb concentrations it is possible that carbon incorporation originates from the TMSb

source.

Post annealing treatment of the 76.4 nmol TMSb doped ZnO NWs at 700 °C and 800
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Figure 5.3: Effect of post annealing on the Ig, transition in sample with 76.4 nmol/min Sb
doping. The PL spectra are offset in y-axis for clarity.

°C in a 3 SLM flow of N2O for 10 min resulted in different behavior of the Ig; transition
compared to the other transitions as shown in Fig. 5.3. The Ig; transition decreased in
intensity by 15% and 95% with annealing at 700 °C and 800 °C, respectively. However,
the intensity of the Is and Ig transitions increased with annealing relative to Igy. This
behavior is very similar to the behavior of the hydrogen DX (I;) transition observed in
bulk ZnO single crystals [23] and indicates that the Sb related impurity causing the Igp
transition is not thermally stable over 700 °C. We discuss this defect complex in more
detail in Section 5.3.3.

To investigate the effect of H co-doping at higher Sb concentrations on the PL spectra,
we have grown a series of Sb and H co-doped ZnO NWs with a fixed flow of 20 sccm Sb
while varying Hs flow from 2 sccm to 25 sccm. Fig. 5.4 shows 4.2 K PL spectra of the
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undoped, 20 sccm Sb and Sb- and H- co-doped samples. H co-doping was found to result in

a strong enhancement of PL in Sb-doped samples at higher concentrations. Note that the
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Figure 5.4: Effect of post annealing on the Ig transition in sample with 76.4 nmol/min Sb
doping. The PL spectra are offset in y-axis for clarity.

sample with 20 sccm of TMSb and 25 sccm of Hs resulted in Ig, being the dominant PL
peak in this sample, with peak intensity comparable to the undoped samples. This increase
in PL intensity is similar to the behavior observed for carbon doping and suggests that a

similar mechanism is at work.

5.3.1.1 Temperature-dependent PL

Temperature-dependent PL measurements were performed for the 76.4 nmol/min Sb doped
Zn0O NWs to understand the thermalization behavior of the Ig; transition. Fig. 5.5 shows
the PL spectra of the Sb-doped ZnO nanowires as a function of temperature. By increasing
the temperature from 4.2 K to 60 K, the intensity of Igp falls steadily which is similar to the
thermalization behavior of other neutral donor bound-exciton transitions Ig and Ig. This
is a characteristic of the ground state of a bound-exciton transition. If the Ig; transition
belonged to one of the excited states of one of the D’X (Ga and In) transitions, the PL

intensity should first increase with temperature and then fall rapidly with further increase
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Figure 5.5: PL spectra of the 76.4 nmol/min Sb doped ZnO NWs as a function of temper-
ature (from 4.2 K to 60 K).

Table 5.1: Thermal activation energies obtained from the temperature-dependent PL mea-
surements.

BX Ej (meV) E; (meV) C; Co  Epe (meV)

Is 27+£07 139+£17 3 746 15.6
Ip 31+£05 198+19 2 1781 18.7
Isp 20+£04 147+£19 2 694 11.2

in temperature [60]. Therefore the thermalization data rules out the possibility that the
observed Igy line is due to the IP excited state transition of Ga which would occur at a
similar energy. Such an excited state would have a low intensity at 4.2 K, however, in
contrast with the observations shown in Fig. 5.5.

Fig. 5.6 shows the integrated line intensity of the Ig, Iy and Ig, transitions as a func-
tion of temperature. The integrated PL intensity is fitted using the simplified Boltzmann
statistics model given in the chapter 1. Table 5.1 lists a summary of the fitting parameters.
The activation energies of the Iy, Is and Ig, are close to the accepted spectroscopic values

as expected for DX transitions.
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Figure 5.6: Temperature-dependence of integrated PL intensity of Ig(Ga), Ig(In) and Ig
transitions. Solid lines represent fits using a simplified Boltzmann statistics model.

5.3.1.2 Two electron satellites and Haynes rule

As we discussed in Chapter 2, the DX transitions of the donors are often accompanied
by their two electron satellites (TES). However, in the case of the Sb doped samples we
could not observe any evidence of TES. In Fig. 5.7 the DX energy vs. Es, — E1s has been
plotted along with its linear fit for Al, Ga, and In donors in our ZnO NWs. Assuming that
the Sb donor obeys Haynes rule, we can estimate the Eop-Eo, energy by interpolating from
Fig. 5.7 based on the measured D°X energy for Ig,. We have estimated the Es, — E1s energy
difference for the Ig;, transition as 31.6 meV which is shown as a blank data point in this
figure. This value gives the estimated TES (2p) energy position of the Sb related donor at
3332.7 meV, which is very close to the Yy transition (3332.6 meV). Since there is a strong
Yo-line in the PL spectra of all Sb-doped samples, the TES transition of Sb related donors
will be completely suppressed and hence it is not surprising that we could not observe any
Sb related TES.

Recently, photoluminescence excitation measurements using a tunable UV source con-
sisting of a LED lamp coupled to a grating spectrometer has been performed on our Sb
doped sample by undergraduate student Katrina Stirling, and they confirmed the presence
of the TES of Sb line at 3334.7 meV. The LED wavelength was fixed at the energy position
of the Sb transition, Igp, exciting the sample while the PL signal was being collected by the

PMT detector. The advantage of this measurement is that the Y-line is not excited, since
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Figure 5.7: DX and TES energy separation (Eop — En) vs. DX energy position. The Ig,
data point in this figure is not based on a measured TES energy position but is extrapolated
from the three known donors, I, Ig and Io.

the excitation is resonant. Fig. 5.8 shows the PL spectra in the TES/Y-line region with
two different excitation sources. Using resonant excitation with the LED source, the Y-line

is completely suppressed and the Sb TES is resolved at 3334.7 meV.
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Figure 5.8: PL spectra of Sb doped ZnO NWs using two different excitation sources. Data
was provided by our summer student, Katrina Stirling.

The donor binding energy can be estimated from the relation Ep = (Eqs — Egp) + 12.6
meV [23]. Hence the estimated donor binding energy of the Sb related donor is 42.2 meV.
The EMA donor binding energy in ZnO is calculated to be 50.15 meV [23]. This value is
shown as the vertical green line in the Fig. 5.9. Therefore the binding energy of the Sb
donor is significantly shallower than the EMA value, implying a significant negative central

cell potential. This is the shallowest known donor in ZnO.
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Figure 5.9: Relation between localization energy and donor binding energy for the three
common group-III donors and Z-lines. Data are extrapolated to the estimated donor binding
energy responsible for the I, transition. For DT X, the Sb complex should have no bound
state in agreement with observation.

While our measurements so far are consistent with the observation of a D°X peak, we
have seen no evidence of a DTX peak in these samples. The donor binding energies, Ep
usually scale linearly with their respective localization energies (Er) of both DX and DX
transitions (Haynes rule). In Fig. 5.9 we have plotted the localization energy of D°X and
D*X transitions vs. donor binding energy for the In, Ga and Al donors. Linear fits to
the experimental data are also shown in this figure. The extrapolated linear fit of DT X
suggests that excitons will not be bound to ionized donors for donor binding energies <47.3
meV and therefore it is reasonable that no D*X is observed for the Sb donor. Such behavior
was observed previously for the hydrogen D°X transition, I, [30] which also has a negative

central cell correction, corresponding to a donor binding energy of 46.1 meV [23].
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5.3.2 Zeeman spectroscopy measurements

Magneto PL measurement is a useful tool to distinguish the charge state of bound excitons.
As explained in Chapter 1, D’X and A°X transitions show a linear splitting under an applied
magnetic field perpendicular to the crystal c-axis while DTX transitions exhibit a nonlinear
splitting of transition lines [49, 50]. It is also possible to distinguish A°X from DX by the
thermalization of the Zeeman split luminescence lines [24, 30, 103, 104]. Previous magneto
PL studies on ZnO has clearly shown that Ig , I; and I;{ are due to the recombination of
excitons bound to ionized donors and Ig, Is and Ig are due to the recombination of excitons
bound to neutral donors [24, 77, 105].

In order to investigate further the origin of the Ig; transition in ZnO NWs, we did
magneto PL on our Sb-doped sample at the Technical University of Berlin. The sample

geometries for this work are illustrated in Fig. 5.10.
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Figure 5.10: ZnO NWs geometry in an applied magnetic field indicating the magnetic field
direction with respect to the c-axis and PL electric vector direction.
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Figure 5.11: Zeeman splitting of neutral bound excitons Is and Ig in (a) Faraday (B || k)
configuration, (b) MPL for different angles § between B direction and c-axis at B =5 T and
(c) Voigt (B_LE) configuration. Vertical lines show the position of transitions at zero-field.

The PL spectra were recorded at T'= 2 K in Faraday (B || k) configuration (Fig. 5.11-
a), Voigt (BLk) configuration (Fig. 5.11-c) and at different angles between B and c-axis
of the sample (Fig. 5.11-b). In these measurements the maximum magnetic field B is 5 T.
All the spectra are shifted vertically for clarity and are taken in the same spectral range.
The angle dependent measurements started at B || k (0 = 0) and ended at § = 75° with
respect to the C-axis at a fixed magnetic field of 5 T. The observed Zeeman splitting in
these measurements depends on the selected configuration and the type of defects (e.g. D°X
or D*X). We have only shown the DX region in this figure which is limited to the Ig and
Igp transitions. In this section we only focus on the excitons bound to Ga and Sb donors.

The small Zeeman splittings of Is and Igp in the Faraday configuration are shown in
Fig. 5.11-a. Two additional peaks appear when 0 is nonzero. Fig. 5.11-c shows a clear linear
splitting of the Ig and Ig lines into two distinct components under magnetic field in the
Voigt configuration. Both split components maintained equal intensity which indicates no
thermalization behavior between them.

Fig. 5.12 shows the Zeeman splitting of the DX region of the spectrum in Faraday

configuration (a), for different angles of § between the magnetic field direction B and the
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crystal c-axis (b), and in the Voigt configuration (c). Three transitions are observed in the
zero field splitting which are assigned I;“ and Ig . Under an applied magnetic field, D™X
transitions split nonlinearly which differentiates them from DX transitions. It is interesting
that in our ZnO NWs, we have observed this nonlinear splitting starting at zero-field and
it is explained in the next section. This new split component at the lower energy side of
the I; transition is named I;L. Its intensity increases with magnetic field in the Voigt
configuration. In the case of the I;r transition, the corresponding split components overlap

with I; which makes it difficult to resolve them.
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Figure 5.12: Zeeman splitting of D*X transitions I and I7 in (a) Faraday (B || k) con-
figuration, (b) arbitrary angles between the magnetic field B and the c-axis and (c) Voigt
(BLk) configuration. Vertical lines show the position of transitions at zero-field.

5.3.2.1 Analysis of the Zeeman data

The magneto-PL data presented in the previous section will be analyzed here using the
Zeeman splitting theory presented in Chapter 1. Data points presented in Fig. 5.13 and
Fig. 5.14 in this section are from Lorentzian fits of the corresponding transitions under a
magnetic field in different configurations. In a D°X transition the magnitude of the splitting
under an applied magnetic field is determined by the g-factor of the electron in the final

(D) state, and the hole in the initial (D°X) state.
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Figure 5.13: Zeeman splitting of DYX transitions I and Igp in (a) Faraday configuration,
(b) arbitrary angles between the magnetic field B and the c-axis and (c) Voigt configuration.
The solid lines are the fits to the data as discussed in the text.

In the Voigt configuration (B_Lk) the DX initial state splitting is due to the splitting of
the unpaired particle (hole) and is small since gj factor is highly anisotropic and vanishes
when B_Lk. The final state consists of a positively charged ion and an electron. Thus the
splitting observed in Fig. 5.11-c is almost completely due to the splitting of the ground
state.

As it can be seen from Fig. 5.13 the Ig, transition follows the same behavior as the
Ig line under an external magnetic field and undergoes a linear splitting, which confirms
the neutral charge state for this DX transition. When the angle 6 between the applied
magnetic field and the crystal c-axis changes, additional Zeeman components which were

forbidden at 8 = 0 appear. The four observed Zeeman line energies are given by:

1
E*f = Fy+ 5(96 + gn)BB (Outer Zeeman pair) (5.1)
+ L ,
E¥=Fy+ 5(9e —gn)upB (Inner Zeeman pair) (5.2)

From Fig. 5.13-b it can be seen that as the angle 6 changes from 90° to 0° the splitting of

the inner transitions decreases and the splitting of the outer Zeeman transitions increases.
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Table 5.2: Electron and hole g-factors of DYX transitions in this work and other references.

BX  g. g}ll g,f reference

Is 196 -1.28 0.18 This work

Iy 192 -1.24 0.08 [24]
I, 1.97 -1.29 0.21 This work
Iy 1.98 -1.36 0.1 [105]

This behaviour can be explained by the anisotropy of the hole g-factor which changes with
angle 6. The experimental data have been fitted by Eq. 5.1 and 5.2 for the different angles
between the magnetic field and c-axis and shown by the solid lines. The fitting has given the
values for electron and hole g-factors in different transitions as listed in the Table 5.2. There
is good agreement between our results and previously reported g-factors for Ig [24, 77, 105].

Comparing the Zeeman splitting in the Faraday and Voigt configurations it can be seen
that the splitting is smaller in the Faraday configuration. This is due to the negative hole
g-factor (gyL) and (‘ gm < ge). This indicates that the holes involved in the excitons bound to
Ga donors and Sb are from the A-valence band (I'7) and not the B-valence band (I'g) [105].
It is also noteworthy that the Zeeman splitting of I is not consistent with a DX transition
which would have a nonlinear splitting under an applied magnetic field perpendicular to
the C-axis.

As we mentioned in section 1.5.1.1 earlier, DX transitions can be distinguished from
A®X transitions by the thermalization of the Zeeman split luminescence lines in external
magnetic fields. For DX transition in the Voigt configuration (B_Lk) the gj- is small and
the splitting is caused by the g. of the final state which does not thermalize since its
occupation is strictly determined by the quantum mechanical transition strength. Thus, in
this configuration, equal intensities of the Zeeman split transition lines of DX transition are
expected, which are independent of the temperature. Therefore, by increasing the magnetic
field at low temperature, a constant intensity ratio in the case of D’X transition is expected.
However, in the case of an A’X transition the splitting of the excited state is given by the
g in the initial state (Fig. 1.10). As a consequence, at low temperatures the intensity of the
high-energy Zeeman split component should be smaller than the low energy component due

to thermalization and is expected to increase with temperature.The ratio of the Zeeman
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split lines is given by

Lup AE
= = 5.3
Idown P ( kBT > ( )

where AFE is the energy splitting of the two component.

Our results (Fig. 5.11-(c)) show negligible thermalization of the Zeeman-split lines for
the Voigt configuration. Based on the measured temperature of 2 K, the Boltzmann fraction
of the upper state for an energy splitting of 0.6 meV at B =5 T should be 0.03 according
to Eq. 5.3, which is clearly much lower than the observed ratio of approximately 1. This is

additional confirmation that Ig, is a DYX transition and not an A°X transition.
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Figure 5.14: Zeeman splitting of neutral bound excitons I in (a) Faraday configuration,
(b) arbitrary angles between the magnetic field B and the c-axis and (¢) Voigt configuration.
The solid lines are just to guide the eyes.

Next I investigate the magnetic field dependence of known DX transitions Ig‘ and I?‘
in order to compare them with that of the Igp line. In order to clearly identify the position
of the transitions shown in Fig. 5.12, they are fitted by Lorentzian. The peak positions
are plotted in Fig. 5.14 as a function of magnetic field (Fig. 5.14-a,c) and angle 6 between
the magnetic field and the crystal C-axis (Fig. 5.14-b). Here we only focused on the I;
transition and not I;r since its intensity was not enough to resolve it at higher magnetic
fields.

At B = 0 a new transition is observed at 3370.79 meV which is at the lower energy

side of the I; transition labeled I;L. As shown in the diagram in Fig. 1.11, when B = 0,
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this transition is only allowed for (E || C'). The reason that we observe it even for ELC
polarization can be explained by the fact that some of the wires in the sample are tilted in a
way that satisfies this condition at zero magnetic field. This transition is clearly seen in the
Voigt configuration and is attributed to the I'1 o exciton states as discussed in chapter 1.
The resulting components, Ig and I;L, remain nearly unsplit in B lec.

The value of zero-field splitting of these two exciton states is 0.92 meV which is in good
agreement with previously reported values in ZnO [24, 34]. This splitting is not observed
in the zero-field splitting of the DX since the spins of the paired particles (i.e. the two
electrons) in the initial state are anti parallel. The energy positions of the I; components
are not very clear due to overlap with the lower component of I;r transition. This nonlinear

splitting of the DX transition clearly differentiates them from D°X transitions.

5.3.3 Discussion

Comparing Sb and other dopants so far we have studied in ZnQO, it can be concluded that
Sb forms the shallowest donor yet observed in ZnO based on the position of its excitonic
transitions in the PL spectrum. Due to the high formation energy, it is unlikely for Sb to
reside on the O site [101]. Electron emission channeling experiments by Wahl et al. [14] has
confirmed that the Zn site is clearly preferred for Sb incorporation. It was previously shown
by Johnston et al. [71] that As atoms also occupy Zn sites in ZnO. In general, large size
group-V impurities in ZnO do not act like simple O-substituted acceptors. As a group-V
impurity on the Zn site, Sbz, would be a triple donor with three positive charges on its
ionized core. It is unlikely that such a highly charged defect would exist in isolation in ZnO,
which is known to exhibit a variety of native charged defects.

Annealing experiments showed that the Sb-related transition reduces in intensity after
annealing which might provide evidence to support the complex nature of this defect. A
neutral donor could be produced by pairing Sbz, and some intrinsic defects in the crystal,
such as a nearby Zn-site vacancy. Zn vacancies are known to be double acceptors in ZnO [11].

Limpijumnong et al. [101] proposed a model based on first principle calculations that
Sbz, could induce two Zn vacancies in the lattice. They proposed that a triple donor paired
with two double acceptors should result in a single acceptor, which was used to explain the
origin of p-type in Sb-doped ZnO (fig. 5.15-(c)).

On the other hand we have proposed that pairing a triple donor with a single double
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Figure 5.15: Schematic atomic structure of ZnO (a) without Sb impurity, (b) with Sbz,-V z,
and (c¢) with Sbz,-2Vz, adapted from Ref. [101].

acceptor would result in a single donor [106]. In this picture the Sb atom can donate its
three electrons and Vz, can accept two electrons, forming Sbz,-Vz, which acts like a
donor. Fig. 5.15-(b) shows a schematic diagram of a possible Sbz,-V z,, defect which could
result in shallow donor behavior. Liu et al. [102] studied MBE grown Sb-doped ZnO and
found that Sb can behave as a donor, leading to n-type conductivity. In order to verify the
conductivity of our Sb doped ZnO NWs electrical measurements are required. In addition,
it would be interesting to prepare Sb-doped samples using electron irradiation to investigate

the role of Zn vacancies on the electrical and optical properties

5.4 Conclusion

Presented in this section are the results from PL and magneto PL measurements of the
Sb doped ZnO NWs with a wide range of dopant concentrations. We have shown for
the first time the formation of an Sb related DX transition at 3364.3 meV, which is the
shallowest among the DX transitions so far observed in ZnO. This transition thermalizes
in a manner similar to In and Ga DX transitions. It is unlikely that Ig, belongs to
excited state transitions (hole from B-valence band) because of its thermalization behavior.
This also is confirmed by magneto PL results. Extrapolation of the D™X binding energy
vs. donor binding energy indicates that excitons should not bind to ionized Sb related
donors in agreement with observation. Sb donor followed the Haynes rule despite the fact
that it is not a substitutional donor like group-III donors in ZnO. However, its estimated
binding energy is significantly smaller than the EMA energy. Similar behavior was reported

previously for hydrogen related donors in ZnO [23].
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Magneto PL measurements confirm that this transition is related to excitons bound to
Sb related neutral donor centers and rules out the possibility that Ig;, is due to a A%X
transition. Our optical results support the recent electrical data of Liu et al., who showed
an increase in electron concentration in Sh-doped ZnO thin films [102]. One possible form of

the Sb-related complex can be a Sbz,-V 2z, pair which is expected to act as a single donor.
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Conclusion and Perspectives

6.1 Conclusion

We have investigated in detail the low temperature optical properties of ZnO NWs doped
systematically with different impurities. In the study of group III impurities we investi-
gated the effect of indium, aluminum and gallium doping on the optical and morphological
properties of ZnO NWs over a wide range of doping concentrations using organometallic In,
Al and Ga dopants. High-resolution PL spectra of DX transitions taken at 4.2 K revealed
sharp linewidths (as low as 0.17 meV) and peak energies very close to those of bulk ZnO
were obtained for lightly doped ZnO NWs, confirming the absence of substrate induced
strain and revealing the high crystalline quality of the ZnO NWs. We have clearly identified
the DX transitions of different dopants by intensity correlation with corresponding DX
transitions. We revised the energy position of the Al related transition Ig to 3373.1 meV in
contrast with previous reports for bulk crystals. We also have identified the D™X transition
related to the I line at 3372.5 meV. We clearly distinguished between the I7 (at 3360.1
meV) and Ig (at 3359.9 meV) transitions by careful doping of NWs with Ga.

We have clearly observed the evolution of TES transitions of the Al, Ga and In donors
with increasing dopant concentrations. This allowed us to precisely estimate the donor
binding energies. We have also identified phonon replicas of group III dopants unambigu-
ously in our doped ZnO NWs.

At higher doping levels an asymmetric broadening in D?X PL transition was observed
with a tail at the lower energy side for group III dopants. We have developed a model
based on the pairing of donor impurities in the shell region of the highly doped NWs to

108



Chapter 6. Conclusion and Perspectives

explain this in Ga doped ZnO NWs. Based on our model we could estimate the donor
concentration in ZnO NWs. Electrical transport measurements confirmed the increase in
doping concentration.

PL studies of ZnO NWs co-doped with C and H at 4.2 K revealed four strong D°X tran-
sitions, which we named as Z-lines and they dominated the excitonic PL intensity at high
dopant concentrations. We showed that the presence of hydrogen as a co-dopant can greatly
increase the PL intensity, but did not result in hydrogen related PL emission, I,. PL studies
on post annealed samples reveal that the Z-lines are stable even after heating at 900 °C,
which argues against the possibility of H being one of the impurities in the complex. The
observation of very intense green luminescence from these C and H co-doped NWs suggests
the presence of Zn; and O,. We speculate that Z-lines are complexes containing carbon
atoms with native defects, such as Zn; and O,. Two electron satellite transitions of these
Z-lines were identified and used to estimate their donor binding energies. DX transitions
of these Z-lines were also identified by correlation of PL intensity with the corresponding
DX transitions.

Two distinct acceptors with binding energies of 133 + 5 and 181 4+ 5 meV are confirmed
by varying the excitation power and temperature, and by time resolved measurements in
carbon doped ZnO NWs. These binding energies are close to GaN:Mg acceptor binding en-
ergy, indicating that p-doping is at least in principle possible in ZnO. The 3236.7 meV peak
is only observed in the presence of CCly and is identified as a DAP transition corresponding
to an acceptor binding energy of 181 4+ 5 meV. The 3308.8 meV emission is the strongest in
ZnO nanowires co-doped with CCly and Hy and is assigned to a previously reported (e,A°)
transition.

We have studied PL of unintentionally doped and Sn-doped ZnO single crystals grown
by the chemical vapor transport method. Doped samples showed greatly increased emis-
sion from the I;g bound exciton transition that was recently proven to be related to the
incorporation of Sn impurities based on radio-isotope studies [64]. Temperature dependent
PL measurements of the Ijg reveal a behavior that is similar to other shallow donors in
Zn0O. DX and TES transitions of the Iyg transition are unambiguously identified and yield
a donor binding energy of 71 meV. In contrast to Ge donors in ZnO, the binding energy
for Sn follows the linear relation between binding and localization energies similar to group
IIT donors confirming the shallow nature of this defect center which is attributed to a Snz,

double donor compensated by an unknown single acceptor such as Li or Na [23, 64].
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Finally, PL and magneto PL measurements of Sb doped ZnO NWs with a wide range
of dopant concentrations was studied in this work. We have shown for the first time the
formation of an Sb related DX transition at 3364.3 meV, which is the shallowest among
the DX transitions so far observed in ZnO'. This transition thermalizes in a way similar to
group III donors. Extrapolation of D™X binding energy vs. donor binding energy indicates
that excitons will not bind to ionized Sb related donors. Sb donor followed the Haynes rule
despite the fact that it is not a substitutional donor like group III donors in ZnO.

Magneto PL measurements confirm that this transition is related to excitons bound
to Sb related neutral donor centers and rules out the possibility of I, being due to A°X
transitions.

Estimated binding energies for group III and IV donors follow the empirical Haynes
rule. The fact that the Sb related donor has a negative central cell correction is not ex-
plained. Previous reports have confirmed that Sn and Sb substitute for Zn sites in the ZnO
lattice [14, 71, 97] and we have speculated that they make complexes with other defect
impurities (Li and Vg, respectively) to compensate their charge. The fact that Sb and
Sn have such widely different central cell corrections (negative vs strongly positive) argues
to a fundamental difference in the nature of their compensating defects. Sn and Sb have
many similarities with the group III donors, including obeying the same trend of DX bind-
ing energy vs. donor binding energy (Haynes rule) , as well as agreement between exciton
localization energy and thermalization energies, in contrast to other less well understood

defects such as Ge or the Y-line [38, 71].

6.2 Future work

In this thesis we primarily studied NWs grown by the MOVPE method. We grew very high
quality crystals but high doping concentrations caused a change in the NWs morphology
and also caused the PL intensity to drop which we concluded was due to carbon contami-
nation. More studies should be done on the morphology change of the doped NWs as well
as efforts to control their doping concentrations and reproducibility. It will be also useful
to grow more uniformly undoped NWs and study the effect of the length and diameter size

of the NWs on their PL spectra.

Lconcurrent with our report of this transition Cullen et al. [64] reported the same line in sample implanted
with radioisotopes
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We speculated on the nature of defects that could make complexes with Sbyz, and Sny,
to make them donors. Electron irradiation and annealing experiments on Sbh-doped ZnO
NWs under different conditions, may provide more insight about the role of vacancies in the
Sb donor complex by likely intentional generation of Zn vacancies. Atom probe tomography
measurements is also another useful tool to investigate the Sb incorporation in Sb-doped
NWs. Co-doping of Sn-doped samples with group I elements such as Li or Na could provide
more information about the Sn donor complex.

Magneto PL experiments are a useful tool to identify the charge type of impurities in
Zn0O. Here we highlight the gaps not yet filled by previous Zeeman investigations in ZnO
including Sn and carbon-doped samples to further investigate the I;q, Ifo, Z-lines and their
corresponding DX transition.

PL excitation (PLE) spectroscopy with a tunable UV source is also another tool to give
insight into the nature of the new defects found in this work. PLE could be used to identify
the excited states (if any) of the Z-lines, Sb and Sn related transitions.

Time-resolved PL measurements would allow for further investigation of the new tran-
sitions (Z-lines and Sb) and would enable comparison with known group III transitions.

Micro or nano PL measurements on single NWs would give more insight into the uni-
formity of the doping distribution in the NWs.

More detailed electrical characterization is needed to verify the conductivity of the
doped NWs and enable further improvements of their growth conditions to get high quality
conductive NWs. Also, Seebeck measurement could be performed on single NWs that are

suspected of being p-type (Sb doped, C-doped).
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Appendix A

Growth Information

Table ?? provides a summary of the growth information of the samples studied in this thesis.
The units of flow rates are in standard cubic centimeter per minute (sccm) and nmol/min
for all dopants except hydrogen and Sn.
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Appendix A. Growth Information

Details of growth information of different samples studied in this thesis.

Sample#:  Doping Flow  Flow Bubbler T Bubbler P Zn Bubbler T,P Mole ratio (cm™3)
(sccm) (nmol/min) (°C) (Torr) (°C,Torr) (gas phase)
H515 undoped - - - - -5,1600 -
H529 Al 2 - - - -5,1600 -
H530 Al 5 - - - -5,1600 -
H531 Al 10 - - - -5,1600 -
H532 Al 20 - - - -5,1600 -
H&806 undoped - - - - -20,800 -
H831 Ga 2 0.007 -80 1600 -20,800 2.6E+4+16
H832 Ga 5 0.02 -80 1600 -20,800 8.3E+16
H835 Ga 20 0.07 -80 1600 -20,800 2.6E4+17
H836 Ga 50 0.16 -80 1600 -20,800 7.5E+17
HS839 Ga 100 0.32 -80 1600 -20,800 1.1E+18
H841 Ga 200 0.64 -80 1600 -20,800 2.2E+18
H454 undoped - - - - -5,1600 -
H456 In 5 1 -40.7 800 -5,1600 1.5E+19
H457 In 20 4.4 -40.7 800 -5,1600 6.5E4+19
H413 In 2 21 -5 800 -5,1600 3.1E+420
H414 In 5 53 -5 800 -5,1600 7.8E+20
H416 In 10 106 -5 800 -5,1600 1.6E+21
H417 In 20 213 -5 800 -5,1600 3.1E+21
H778 undoped - - - - -20,800 -
H779 C 2 0.008 - - -20,800 -
H780 C 5 0.06 - - -20,800 -
H781 C 10 0.25 - - -20,800 -
H782 C 20 1.25 - - -20,800 -
H794 C,H 10,2 0.25 - - -20,800 -
H795 C,H 10,10 0.25 - - -20,800 -
H796 C,H 10,50 0.25 - - -20,800 -
H823 C,H 25,50 2.3 - - -20,800 -
H798 C,H 40,50 10 - - -20,800 -
H821 C,H 47,50 30 - - -20,800 -
HS800 C,H 50,50 50 - - -20,800 -

A undoped - - - - CvVT -

B Sn - - - - CvVT -

C Sn - - - - CVT -

D Sn - - - - CvT -

E Sn - - - - CVT -
H459 undoped - - - - -5,1600 -
H460 Sb 2 3.8 -80 1950 -5,1600 5.6E4-20
H461 Sh 5 9.6 -80 1950 -5,1600 1.4E+21
H462 Sb 10 19.1 -80 1950 -5,1600 2.8E+21
H463 Sb 20 38.2 -80 1950 -5,1600 5.6E+21
H464 Sb 50 76.4 -80 1950 -5,1600 1.1E+22
H465 Sb 2 123 -40 1950 -5,1600 1.8E+22

H466 Sh 5 307 194 -40 1950 -5,1600 4.5E+22




Appendix B

Raman Spectra

Room temperature Raman measurements were performed in a back-scattering geometry.
Spectra were excited using the 514.4 nm line of an Ar-ion laser with a power of 30 W
focused on the NWs. The spot size was 0.5 pm.
Two broad vibrational modes related to carbon sp? clusters at 1356 and 1598 cm ™! were
observed. These modes are known as carbon D and G modes.[107] As seen in Fig. ??
increasing the carbon doping concentration increases the intensity of these modes increase
in the Raman spectra. Fig. 7?7 shows how adding hydrogen to the carbon-doped samples
during the growth affects the Raman spectra. As seen in this figure the D and G modes
are eliminated from the Raman spectrum of the carbon and hydrogen co-doped ZnO NWs.
Fig. 77 shows the Raman spectra of undoped and highly Sb-doped ZnO NWs. As men-
tioned in chapter 5, high Sb dopant concentrations led to a loss of PL intensity which was
attributed to carbon point defects. The Raman spectra also shows the emerging of carbon
related D and G modes in highly Sb doped samples.

125



Appendix B. Raman Spectra
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Effect of carbon doping on the room temperature Raman spectra of ZnO NWs.
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Appendix B. Raman Spectra
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Appendix B. Raman Spectra
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Appendix C

Thermalization Behavior

Fig. 7?7 shows the integrated PL intensity versus inverse temperature for Zs and Zs transi-
tions of carbon and hydrogen-doped ZnO NWs. The fits have been done using Eq. 1.7. For
more details see section 4.2.3.
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Temperature-dependent PL data and fits for Zs and Zg lines.

A summary of activation energies for Zo and Zs lines.

transition energy (meV) E; (meV) Eg (meV)
Zo 3361.2 1.5+£03 17.7£13
73 3361.7 1.7+ 08 169 £24
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