Optical Properties of By-Design

Extreme Wide Bandgap Semiconductor

A Dissertation
Presented in Partial Fulfilment of the Requirements for the
Degree of Doctor of Philosophy
with a
Major in Physics
in the
College of Graduate Studies
University of Idaho
by
Dinesh Thapa

Major Professor: Leah Bergman, Ph.D.
Committee Members: Matthew D. McCluskey, Ph.D.; M. Grant Norton, Ph.D.;
Dev S. Shrestha, Ph.D.

Department Administrator: Ray von Wandruszka, Ph.D.

December 2016



1
Authorization to Submit Dissertation

This dissertation of Dinesh Thapa, submitted for the degree of Doctor of Philosophy
with a major in Physics and titled “Optical Properties of By-Design Extreme Wide
Bandgap Semiconductor,” has been reviewed in final form. Permission, as indicated
by the signatures and dates given below, is now granted to submit final copies to the

College of Graduate Studies for approval.

Major Professor Date
Leah Bergman, Ph.D.

Committee
Members Date
Matthew D. McCluskey, Ph.D.
Date
M. Grant Norton, Ph.D.
Date
Dev S. Shrestha, Ph.D.
Department
Administrator Date

Ray von Wandruszka, Ph.D.



111
Abstract

Alloying has the potential to create new types of semiconductors with novel optical
properties that can be tailored to a specific application by the choice of the composition.
7Zn0O and MgO in particular can be used to create the ternary Mg,Zn;_,O alloy system.
In the alloy formula, z is the composition that spans the values 0 to 1. The two end
members ZnO and MgO both have bandgaps in the UV range: ZnO at ~3.4 eV (364.7
nm) and MgO at ~7.5 eV (165.3 nm). Thus, depending on the composition x and the
solubility limits, alloys with bandgaps between 3.4 eV and 7.5 eV can be achieved.

One of the desirable features of the Mg,Zn;_,O alloys is that the constituents
Zn0O and MgO are relatively environmentally friendly materials. Moreover, owing to
the deep excitonic binding energies of ZnO and MgO and to their direct bandgaps,
Mg,7Zn,_,0 is an attractive alloy system for the creation of luminescent materials with
by-design wavelengths. However, a key obstacle to the realization of viable semiconduc-
tor alloys lies in the optimization of their optical properties in a manner that overcomes
the impact of various types of defects. In this research, Mg,7Zn, ,O alloy films over
a wide range of Mg composition were synthesized via sputtering, and the optical and
material properties of the films were explored utilizing several analytical techniques.

Main results of this research are: post growth annealing in Ar atmosphere ~900 °C
was found to enhance significantly the desirable UV luminescence. Specifically, for ZnO
the enhanced UV luminescence correlated well with the elimination of native defects
and improved film’s morphology. In the case of Mg,Zn; ,O alloys, the enhanced UV
luminescence was found to be related to the reduction of alloy inhomogenity as well
as improvement of films’s morphology. Moreover, as this alloy system has inherent
phase segregation, it is important to consider the composition range where structural
segregation occurs. We utilized XRD and selective resonance Raman scattering (SRRS)
to study this issue. It is shown that SRRS is highly sensitive optical technique to detect

the structural inhomogeneity in the Mg,Zn;_,O alloys.
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Chapter 1

Introduction

1.1 ZnO: a wide bandgap material

Wide bandgap semiconductor materials have been extensively studied due to their
potential application in ultraviolet (UV) optoelectronic devices. Due to their capability
to emit and absorb light in the UV spectral range, these materials have been utilized
as a constituent material in photodetectors, light emitting diodes, laser diodes and
as coating materials for protection against UV radiation.'® Group II-VI oxides and
group III-V nitrides are the most common examples of wide bandgap semiconductor
materials.

As a wide bandgap semiconductor, ZnO is increasingly becoming an attractive
material, capable of luminescence in the ultraviolet (UV) region with promising ap-
plications in UV optoelectronics. It has a direct wide bandgap ~ 3.37 eV" at room
temperature, and relatively large excitonic binding energy (60 meV), both attributes
of which make it an efficient UV luminescent material at room temperature and at
elevated temperatures. ZnQO is considered an environmentally friendly, non-toxic and
benign material compared to most other semiconductors: it can be used as a dietary
supplement in animal feed, as an additive in breakfast cereal, and as an ingredient in
sunscreen.®? Furthermore, ZnO is stable against radiation damage making it poten-
tially useful in fabricating devices that can function in harsh environments. Likewise,
a relatively lower growth temperature, a much simpler crystal technology compared to
GaN and the amenability of a wet chemical method for its processing, potentially pave
the way for design of low cost ZnO based devices. 101!

Like most other wide bandgap semiconductors, research on ZnO started early in
the 1930’s and continued for a long time. In an early study, CW Burn experimented

using ZnO condensed from the smoke to settle a disagreement between the parameters



determined by x-ray and electron diffraction.!? The optical studies on ZnO were then
investigated in detail in 1954 by Mollwo!3, and the vibration properties were investi-
gated by Damen et al.'4 in 1966. In 1967, Drapek demonstrated ZnO based hybrid
heterostructures LEDs using Cu,O as the p-type material. > Tsuraken et al. in 1975
utilized ZnO/ZnTe to create a p-n junction.'® Indeed, after successful commercializa-
tion of GaN based optoelectronic and electronic devices, and some of the similarity in
material and optical properties of GaN and ZnO, a renewed research interest on ZnO
based wide bandgap materials was started.

Currently, ZnO is considered an alternative material to GaN, and has received a
great deal of attention in the scientific community due to its applicability for UV opto-
electronic devices such as in UV photo detectors, UV lasers, light emitting diodes, trans-
parent thin-film transistors, and transparent conducting oxide for solar cells among
others. 351718 Additionally, ZnO based alloy material, specifically Mg,Zn;_,0, where
x is the composition of Mg, has provided a new tuneable family of wide bandgap
material in UV luminescent applications as well as a potential conjugate material in

AlGaN-MgZnO hybrid devices.

1.2 Bandgap engineering

Nature has provided materials with a specific, designated value for the bandgap,
and spectral emission lines while optoelectronic technology requires much larger choices
for the bandgap and emission lines than those found naturally. Bandgap engineering
is a common practice to achieve these desired optical properties.

For bandgap engineering purposes, there are two principal ways: one is via quantum
confinement, and another is via alloying. In this work, we utilized the alloying process
to tune the bandgap, and for completeness a brief discussion of both routes in achieving

the bandgap engineering has been presented in the next section.



1.2.1 Quantum confinement

Upon reducing the size of a semiconductor material down to the nanometer range
as in the case of nanocrystals, and quantum dots, the electronic and optical properties
start changing compared to the bulk counterpart. When the crystallite size is suffi-
ciently small, the particle surface acts like a potential barrier and under its influence,
the electrons in the conduction band and holes in the valence band are spatially con-
fined. One may consider the spatially confined particles in a nanocrystal of dimension
L to be a “particle in a box” problem in quantum mechanics and as such the energy
eigenvalues associated with the particle can be expressed as:

2

_ 2 2 2
E = 2m*Lz(nx%—ny—i—nz) (1.1)

From equation 1.1 it is obvious that on reducing crystal size L, the value of E in-
creases. Thus, by controlling the size of the nanoparticles, one can modify the electronic
energy levels resulting in new luminescent lines.

The quantum confinement effect in nanocrystals gives rise to some unique optical
properties such as a size-tunable bandgap, photoluminescence, and a high quantum
yield, rendering these materials potentially useful in solar cells, light emitting diodes,
and a novel light emitting display. 22 However, some limitations appear to exist while
engineering the bandgap via this method. This technique allows the tuning of the
bandgap to larger values, but it remains inapplicable whenever bandgap reduction is
required. Likewise, through this technique the observable bandgap can be achieved
as long as the dimension of the material is sufficiently small, on the order of Bohr’s
exciton radius. This leads to difficulties in their utilization in optoelectronic devices.
Additional shortcomings arise from the self heating effect that might occur in the

nanomaterial during device operation, defeating their sole purpose of bandgap tuning.



1.2.2 Alloying

Alloying is an efficient and a commonly used technique for bangap engineering
which enables the bandgap tuning over a wide range via the mixing of semiconductors.
Upon alloying, some of the lattice sites of the host semiconductor become occupied
with the solute atoms, resulting in an alloy material with tailored optical properties.
For example, in our study when we alloyed ZnO with a MgO semiconductor, some of
the Zn lattice sites are occupied with the Mg atoms providing the Mg,Zn;_,O ternary
solid solution.

Ideally, the Mg,Zn;_,O alloy should enable tuning of the bandgap, thus achiev-
ing tailored-by-design UV luminescence lines spanning over a wide range of energies
extending from the bandgap of ZnO ~ 3.4 eV to that MgO ~ 7.5 eV. However, the
different crystal structure of ZnO and MgO will hinder the fabrication of single phase
Mg,Zn;_,O over a wide range of compositions. This issue will be briefly discussed in
the next section. Despite the existing structural inhomogeneities in Mg,7Zn;_,O alloy
films for the higher Mg composition, bandgap engineering over a wide UV range of

3.2 — 5.8 €V has been achieved by our group (Figure 1.1).
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Figure 1.1: The MgZnO alloy bandgaps as a function of Mg composition. The filled
symbols are data points that were obtained via the derivative method while the open
symbols are data points obtained via Tauc plot analysis to be discussed in a later chap-
ter. The shaded area presents the phase segregation range obtained from the selective
resonant Raman scattering analysis.?’



1.3 Mg,Zn; ,0O alloy system and solubility issues

Mg,7Zn;_,O alloys have emerged as promising semiconductors with excellent ma-
terial and optical properties, including tunable bandgap, high exciton binding energy,
and excellent thermal stability. These obvious useful properties make them potentially
useful in UV luminescence, absorption, and lighting applications. Mg,Zn;_,O alloys
have been particularly useful as a barrier layer for ZnO quantum wells, as an active
component in UV light emitters, solar-blind UV detectors, and in other optoelectronic
devices based on heterostructure functionalities. A key step in realizing these appli-
cations is in the growth of high quality Mg,Zn;_,O alloy materials. A specific issue
that always exists and hinders the fabrication of such alloys over a wide range of Mg
composition, is the limited solubility of Mg in ZnO.

The end members of Mg,Zn;_,O alloys (i.e. ZnO and MgO) have different crystal
structures: ZnO has a hexagonal wurtzite structure as depicted in Figure 1.2(a) with
tetrahedral co-ordination among the cations and anions, while the rock salt cubic
structure of MgO as shown in Figure 1.2(b) exhibits octahedral co-ordination among
the cations and anions. Upon alloying of these end members, some of the Mg atoms
substitute the Zn lattice sites forming a Mg,Zn;_,O solid solution (Figure 1.3). Despite
the similar value of covalent radii of Mg (1.36 A) and Zn (1.25A), the different crystal
structures of the two oxides only allow for the synthesis of Mg,7Zn; ,O alloys in a
certain range of Mg composition. Figure 1.4 presents the phase diagram for the binary
Mg, 7Zn;_,O alloy system as reported earlier by Segnit et al.?* In accordance with this
phase diagram, in the case of MgO dissolved into ZnO, the solid solubility of MgO is
limited to ~ 4 atomic percent while the solubility is limited to ~ 40% when ZnO is
dissolved in MgO. In the intermediate region of these compositions, phase segregation
occurs wherein both the cubic and the wurtzite phase can occur with undefined optical

properties.



Despite the solubility limits, there have been several reports on the growth of
wurtzite Mg, Zn;_,O alloy films with a larger Mg content. In the earlier studies®?25,
Mg, 7Zn,_,0O alloy films with single wurtzite phase up to ~ 35% had been realized uti-
lizing the plasma laser deposition (PLD) technique. Additionally, in their studies, the
Mg,Zn;_,O alloy films in the intermediate region of ~ 35— 50% Mg composition were
shown to have the mixed phase while above ~ 50% Mg composition, the alloys were
reported to exit in the single cubic phase.?® In our study, the phase segregation and
strutural inhomogeneities inherent to Mg,7Zn;_, O alloy films were investigated utilizing
selective resonant Raman scattering, and will be presented in chapter 4. Despite the
existing structural inhomogeneities in Mg,Zn; ,O alloy films for the higher Mg com-

position, bandgap engineering over a wide UV range of 3.2 — 5.8 eV has been achieved

by our group (Figure 1.1).



(a) (b)

Figure 1.2: (a) The hexagonal wurtzite crystal structure of ZnO. The Zinc atoms are
yellow while the oxygen atoms are black. The lattice parameters of the wurtzite ZnQO
crystal structure are a = 3.249 A and ¢ = 5.206 A.%% Zinc atoms have a covalent radii
of 1.25 A?7 | while oxygen has a covalent atomic radii of 0.73 A.*5 (b) The rocksalt
crystal structure of MgO. Mg atoms are shown in green while oxygen atoms are black.

The lattice parameter for rocksalt MgO is, a = 4.216 A.?° The covalent atomic radii
for Mg is 1.36 A.?" Figures taken from Ref.?

Figure 1.3:  Wurtzite structure of Mg, Zn,_, O film. Oxygen atoms are in black, zinc
atoms are in yellow, and magnesium atoms are in green. In the alloying process, some

of the magnesium atoms occupy crystal sites which would otherwise be filled with zinc
atoms in this structure. Figure taken from Ref.?



3000

B | |
Liquid
2500 -
iz
" s a .
2 Zincite ss + Lig.
s
= 2000 |
E Periclase S8 + Liq. ./
5 - Zincite SS
-
= 1s00 |- .
Periclase SS Periclase SS +
Zincite S8
1000 | | | |
20 40 &0 a0
MgO Zn0

Weight percentage (%)
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1.4 UV luminescent properties and defects

As mentioned above, ZnO owing to its unique optical properties is emerging as a
leading technological material for next-generation UV optoelectronic devices. In order
to realize these potential applications, it is crucial to achieve ZnO materials with high-
optical quality that exhibit strong UV luminescence. However, during the growth of
7Zn0O samples, some native defects and impurities can be introduced, and these can
impact the material properties significantly. Native point defects will be formed when
some of the constituent atoms sit in the interstitial position between lattice sites, are
missing from the lattice position, or sit wrongly in the lattice site and are interrupting
the periodicity in the crystal. The possible native defects in ZnO include the zinc
interstitial (Zn;), oxygen interstitial (O;), oxygen vacancy ( Vo), zinc vacancy (Vz,),
oxygen antisite (Oz,) and zinc antisite (Zno).

Indeed, the creation of defects inside the crystal may cost energy; however the
increased configurational entropy resulting from the defects reduces the free energy
of the system, which in turn favors the formation of point defects.?® Typically, native
defects are unavoidable, and can be present in even the best crystalline material. Hence,
irrespective of any growth method and substrate used for the growth of the material,
native defects always tend to be present.

Native defects generally bring undesirable effects; specifically, they influence the
optical and electrical properties of the material. Defects in semiconductor materials
introduce sub-bandgap states which act as recombination centers and impede the ef-
ficient emission of light.3°3! Another important aspect that can be influenced by the
defects is the doping of the material. In ZnO, p-type doping has been a big challenge,
and this has been attributed to self-compensation effects caused by native defects and
impurities.3? Additionally, the presence of defects in the host material are reported to

degrade the device performance and the device operation lifetime. In light of the above
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discussions, identification and elimination of the defects has become a key issue.

In this work, an assessment of existing defects and their impact on UV luminescent
properties of ZnO and Mg,Zn;_,O films has been carried out and will be presented
in chapters 5 and 6. Specifically, in chapter 5, the defect dynamics and their impact
on optical properties of ZnO were studied via post-growth annealing in argon (Ar)
or Oy ambient with X-ray diffraction (XRD), imaging, transmission, Urbach analysis,
Raman scattering, and photoluminescence (PL). Similar investigations were carried
out in achieving the enhanced UV luminescence for the Mg,Zn;_,O alloy film, and will

be presented in chapter 6.

1.5 Focus and outline of the study

The focus of this dissertation work is the investigation of the optical and structural
properties of ZnO and Mg,7Zn;_,O alloy films. The method of synthesis of the films
will be presented in chapter 2 while a brief discussion on the spectroscopic techniques
including transmission, photoluminescence, Raman spectroscopy utilized in this work
will be described in chapter 3.

One aspect of this study is to achieve bandgap tuning via the realization of Mg,7Zn;_,O
alloy films. Ideally Mg,Zn;_,O alloy films are expected to allow the bandgap tuning
spanning from 3.37 eV (bandgap of ZnO) to 7.7 eV (bandgap of MgO). In order to
investigate this possibility, Mg,Zn;_,O alloy films with Mg composition ranging from
0 to 78% were successfully grown, and their bandgap tunability was explored, and will
be presented in chapter 4.

Another aspect that has been the focus of this study is phase segregation and struc-
tural inhomogeneity, an inherent issue for the technological application of Mg,7Zn; ,O
alloy films. The covalent radii of Zn and Mg are comparable; however, because of the
different crystal structures, the two oxides do not exhibit a complete solid solution and

an intermediate composition range exists in which an alloy is phase separated into the
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wurtzite and cubic structures. The issue of phase segregation, inherent to the MgZnO
alloy system, was investigated via selective resonant Raman scattering and will be
presented in chapter 4.

Additionally, the investigation of UV luminescent properties of ZnO and MgZnO
alloy films has become a research focus in this dissertation. In view of the potential
device application, ZnO and Mg,Zn;_, 0O alloy films should be of a high optical quality
and capable to luminescence efficiently in the UV region. Unfortunately, the as-grown
ZnO films usually contain intrinsic defects and impurities which can diminish the UV
luminescent properties of these films. In an effort to achieve the enhanced UV-PL
from the ZnO and alloy films and understand the types and nature of the defects
present in those films, we performed post growth annealing studies under controlled
environments, and will be covered in chapter 5 and 6. Chapter 7 will provide a brief

summary of the results for this research work.

1.6 Conclusion

In this chapter, we have reviewed on the optical properties of the wide bandgap
semiconductor materials, particularly focusing on ZnO and Mg,Zn;_, O alloy which are
receiving a great of attention for the UV optoelectronics. The possibility of bandgap
tuning via the alloying of ZnO and MgO has been discussed. Furthermore, an inherent
phase segregation issue that always exists and hinders the fabrication of Mg,Zn; ,O
over a wide range of Mg composition has been discussed. An overall focus of the study
in this dissertation work has been briefly outlined. Detailed experimental approach,
synthesis of the films, their structural and optical characterization will be presented in

the later sections.
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Chapter 2

Synthesis of ZnO and Mg,Zn, ,O Alloy Films

2.1 Background on sputtering

Sputtering is one of the most common techniques to deposit thin films of a wide
range of materials, and has been utilized for many years. Historically, sputtering was
first realized by W.R. Grove! after he noticed a glowing discharge coating the wall
when electrical discharge passed between electrodes. At that time, this phenomenon
was considered undesirable since this caused the disintegration of the cathode material.
However, after years of intensive investigation of the sputtering phenomenon, it has
now become a widely used and well established technique in synthesizing thin films.

The phenomenon of sputtering can be considered as a plasma based vapor depo-
sition technique in which the material to be deposited is physically bombarded with
energetic ions, and the ejected materials in the form of vapor can be deposited onto
any desired surface.? The mechanics of the sputtering process is straightforward and
will be discussed in the next section.

Besides the growth of films, sputtering has found application in the cleaning, etch-
ing, and surface layer analysis of material samples.®* Furthermore, this technique
is simple to perform, versatile, and easily scaleable. Sputtering has made a signifi-
cant impact in application areas including wear-resistant coating, low friction coatings,
corrosion-resistant coating, decorative coating, and coating with specific optical and

electrical properties.®”

2.1.1 Mechanism behind the sputtering process

Typically, sputtering involves the bombardment of the material to be deposited
(known as a target material) by energetic ions generated in a plasma under vacuum.

Upon impact, these energetic ions transfer their momentum and energy to the target
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material, resulting in the ejection of some target material in vapor form which will
eventually be deposited on the surface of another material, known as a substrate.

As shown in Figure 2.1, the sputtering process is usually carried out in a chamber
equipped with a pair of oppositely placed electrodes (cathode and anode). The target
material desired to be coated is mounted in front of a cathode while substrates awaiting
coating are placed on the anode. Initially, the chamber is evacuated and then backfilled
with working gas, typically argon (Ar). Occasionally, other non-reactive gases such as
neon or krypton can be used to match the atomic weight of the target material in order
to achieve efficient transfer of momentum to the target.

After backfilling the chamber, a strong electric potential is set up between the
electrodes. Under such an arrangement, some of the stray electrons will be accelerated
towards the cathode and their subsequent collisions with the working gas atoms will
result in a cascade of ionization resulting in a glowing discharge commonly known as
plasma. The positively charged ions in the plasma will be accelerated towards the
cathode striking the target material. If the kinetic energy of these particles exceeds
a certain threshold, some of the target material will be knocked off in the form of
mostly neutral atoms along with some ions and secondary electrons. Neutral particles
will travel across the electric field and plasma region landing on the substrate. As
the process continues over time, a uniform thin film of the desired material will be

deposited. A schematic of the process has been presented in Figure 2.1.
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Figure 2.1: A schematic representing the DC sputtering mechanism for the growth
of thin film. (a) Working gas fills the chamber (purple), stray electrons (orange) are
accelerated under the applied electric field. (b) These electrons collide with the gas
atoms generating more electrons and ions (purple +). (c¢) Positive ions accelerate
towards the target under the effect of the electric field colliding with the target. The
material from the target is then ejected. (d) Over time, this process results in a build
up of target material on the substrate. Figures are adapted from Ref. 8
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2.1.2 Direct current sputtering and radio frequency sputter-
ing

In the previous section, the discussion was limited to a basic sputtering process
in which the target material is bombarded with energetic positive ions generated in
the plasma. The plasma itself is generated in the vacuum chamber in the presence
of working gas and an electric potential across the cathode and anode. This electric
potential can be set in two modes using a direct current (DC) or a radio frequency
(RF) power supply. Sputtering performed in each case is referred to as DC sputtering
or RF sputtering, respectively.

DC sputtering is preferable compared to RF sputtering since it maximizes the
sputtering rate and reduces the growth time of the films. However, this technique
has some major limitations. For instance, it can’t be employed if one has to use
an insulating target during film growth. In this case, the target will not permit the
dissipation of positive ions that are incident on it during sputtering. This process would
build up a positive charge on the target to a point that it would start to repel any
further bombarding positive ions, eventually ceasing the sputtering process. Likewise,
arcing is another major concern one typically encounters in reactive DC sputtering. 1

In reactive sputtering, the reactive gas may combine with the metallic target form-
ing an insulating layer such as oxide, carbide, nitride, or any combination depending
on the nature of the gas and type of target used.® This situation is generally known
as target poisoning. In the target-poisoned region, the bombarded positive ions will
start to build up until a breakdown occurs in the form of an arc. Arcing can affect
the quality and microstructure of the films, stability of the deposition process, and can
even cause significant damage to the vacuum chamber and the electronics involved in
the sputtering process. Fortunately, in most sputtering systems including the one used

in this work, DC power supplies are designed and operated in such a way they can
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detect and suppress the arcing issue to a large extent.

As an alternative approach to handle the issues associated with DC sputtering,
one can utilize RF sputtering to grow the thin films. As a trade off to this approach,
deposition rate will be reduced greatly, making it difficult to scale up the growth
process. In RF sputtering, similar to dc sputtering, a high voltage is applied across
the electrodes. However, the voltage is oscillating at high frequency (generally at 13.5
MHz). During the first half cycle, the positive ions will move toward the target, and
upon impact build up a positive charge on the target surface. During another half
cycle, the polarity of the field is reversed, and electrons start accelerating towards
the cathode, thereby neutralizing the positive charges built up in the earlier cycle.
As such, it should be obvious that RF sputtering effectively leads to sputtering only
during each half cycle, which hampers the deposition rate. Additional instruments
such as the impedance matching network, and impedance controller unit are required
to deliver power to the cathode. Hence, DC sputtering has become the choice of
deposition method as long as it can be implemented. We have utilized DC sputtering

to grow all the ZnO and Mg,Zn;_,O alloy films investigated in this study.

2.2 Magnetron sputtering system

The basic sputtering system has been known for many years, and has been ap-
plied successfully to grow thin films of various materials. However, it is limited by low
deposition rates, low ionization efficiencies in the plasma, and high substrate heating
effects.® These limitations have been overcome by the use of what is known as the
magnetron sputtering system. The magnetron sputtering system is quite similar to
the basic sputtering system, except that it utilizes a magnetic field configured parallel
to the target surface to enhance the plasma during sputtering. This magnetic field
is established by placing magnets underneath the target. Furthermore, the magnets

are arranged in different configurations with different types of magnetrons suited for
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specific applications. In the present work, the magnetic field (B) is configured in the
concentric ring pattern near the surface of the target. Additionally, in this config-
uration, B is perpendicular to an electric field (E) present across the electrodes. A
cross-sectional side view of a magnetron arrangement is shown in Figure 2.2(a).

In the presence of an E and B field, motion of any charged particle is governed by
the Lorentz force, given by:

E=q(E+7x B) (2.1)

With the E and B field arrangements in the magnetron described above, the Lorentz
force will guide charge q (of mass m) in a helical path forming closed loops in the region

close to the target surface. The radius of the helical path is given by:

muv

T:q—B

(2.2)

In the case of electrons produced during sputtering, this radius is on the order of
millimeters, and hence electrons will be confined in a region forming a closed loop near
the target surface which result in a target erosion profile as shown in Figure 2.2(b).
For positive ions of the working gas, this radius becomes much larger than the system
dimensions, and these positive ions ultimately remain unaffected by the magnetron
configuration. This can be attributed to the large mass of positive ions. Likewise, the
particle sputtered off the target, being mostly neutral will not be affected by the field.
Coming back to the case of confined electrons in the vicinity of the target, they will
have a greater chance of colliding with atoms of the working gas, generating a more
stable and intense plasma resulting in an increased deposition rate. Furthermore, this
arrangement will allow for growth of the films with the working gas at a low pressure,

resulting in an improved film quality.



21

.
* * . Working gasas

Figure 2.2: (a) A cross sectional side view of the magnetron configuration utilized in
this work. (b) The electrons generated during sputtering are confined in a magnetic
field resulting in a target erosion profile.
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2.3 Sputtering system and instruments used in this work

In this work, thin films were synthesized using the magnetron sputtering system.
The magnetron system has dual sputtering guns, and has the capability to operate
both in RF and DC modes. However, in this work, only DC sputtering of the target
material is carried out using the water-cooled ST20 magnetron sputtering gun AJA
international. The basic components of the sputtering system utilized in this work are
briefly described as follows:

(a) Sputtering chamber

The magnetron system is contained in a custom sputtering chamber (Figure 2.3).
The chamber is sealed using Viton elastomer flanges, copper conflate style flanges, and
it is equipped with a Varian V200 turbomolecular pump backed with a Welch model
1402 DuoSeal belt drive mechanical roughing pump.

Pressure inside the chamber is monitored using three types of gauges: a Duniway
convection gauge measuring in the range 100 — 10~% Torr, a capacitive gauge measur-
ing in the range 1072 — 10~* Torr and a Bayard-Alpart style hot cathode ion gauge
measuring in the range 1072 — 107!° Torr. With the configuration of the chamber de-
scribed above, the chamber may reach an initial vacuum pressure (i.e. base pressure)
of 2.6 x 1075 Torr. Once this base pressure is achieved, both working and reactive
gases, Ar and O, are introduced successively, noting their resulting partial pressures.
During the growth of the films, the chamber pressure is monitored via the use of a
capacitive gauge whose reading is independent of any gas composition. This feature is
particularly useful in monitoring the pressure during reactive sputtering which involves
different types of gases.

Furthermore, the flow of the gases inside the chamber is regulated through the use of
MKS type P4B digital mass flow controllers (MFCs). Their measurement of gas flow is

based on the differential heat transfer between temperature-sensing elements attached
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to the exterior of the sensing tube. A computer-based flow control application will
permit the real-time control of gas with a resolution of 0.07 standard cubic centimeters
per minute (sccm) and an accuracy reading of approximately +1%.

According to Dalton’s law of partial pressures, the total pressure exerted by a
mixture of non-reactive gases is equal to the sum of the partial pressure of the individual
gases. Thus, the total pressure inside the chamber during the sputtering process can
be described as the sum of the base pressure Py, the partial pressure of Ar, (Py,),

and the partial pressure of Oq (Pp,) i.e.

Ptotal = Pbase + PAT‘ + P02 (23)

As mentioned above, once base pressure, Py, is attained, Ar and O, are introduced
successively. The recorded gas pressure for each gas type yields the partial pressure
of each gas. This allows for more control of the gas environment, and ensures the

repeatability of the material growth.
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Figure 2.3: A photograph of the Magnetron sputtering system that we utilized in our

work. On the left is the rack consisting of control electronics, and power generators.

On the right is the growth chamber and underneath it is the turbo molecular vacuum
pump backed up by the roughing pump.



25

(b) Sputtering power source

In this study, ZnO and Mg, ”7Zn;_, O films are fabricated using Zn and Zn-Mg metallic
targets and hence, DC Magnetron sputtering is employed to deposit such films. During
sputtering, the DC source used is an MDX 500 from Advanced Energy with a maximum
power of 500 W with built-in arc suppression circuitry as depicted in Figure 2.4.

(c) Sputtering targets

The sputtering technique allows us to use a wide range of target materials includ-
ing metal, alloy metal, or ceramic to deposit thin films. Regardless of the type of
material used, the target must be pure, dense, and of uniform thickness so as to avoid
the destruction of the target or contamination during film growth. Additionally, the
sputtering process causes the target to accumulate a large amount of heat, which may
crack or damage the target itself. These effects can be minimized by cooling the target
or applying certain other measures to avoid catastrophic destruction.

Sputtering targets are commercially available from different manufacturers; how-
ever, they are limited to a certain range of materials and composition. As a result,
sometimes one might need to make a custom target. In the current study, ZnO and
Mg,7Zn;_,O films with varying Mg composition are synthesized using Zn and Zn-Mg
targets. The utilization of custom built Zn-Mg targets turns out to be more efficient in
realizing Mg,7Zn;_,O of a desired composition. For consistency, a custom Zn metallic
has been used to grow ZnO film. In order to create such targets, Zn powder and Zn-Mg
powders mixed in appropriate proportions are pressed in a 2 inch die at 45,000 lbs ram
force for 24 hours utilizing a Carver hydraulic press. With the use of such targets,
it becomes possible to control the Mg composition of Mg,7Zn; ,O films. Such targets
might have certain limitations. For example, they may have lower densities and some
internal flaws when compared to commercial targets. Hence, lower power should be
used in sputtering these targets.

(d) Heating arrangements of the substrates
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During the growth of ZnO and Mg,Zn;_,O films in this study, the substrates are
heated and maintained at 250 °C using a custom-constructed temperature controller
and a custom built stainless steel strip heater from Watlow, and as shown in Figure 2.5
(a) and (b). The controller, which is based around a Yokogawa UT-150 PID controller,
allows us to maintain the temperature of the substrate at the desired value between
room temperature and 780 °C with tight control. This enables the repeatability of the

growth conditions of the films.
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Figure 2.4: A power generator, model MDX 500, used for DC sputtering of ZnO and

Mg, Zny_, O films. This power generator can supply power up to 500 W, and has built
N are Suppression circuitry.

(b)

Figure 2.5: (a) A custom built temperature controller based around a Yokogawa UT-150
PID controller. This system is able to control the substrate temperature at the desired

value between room temperature and 780 °C.(b) A Watlow stainless steel heater used
in our work, capable of heating our substrate to 780 °C'.



28

(e) Substrates

Typically, substrates are chosen in such a way that they have a similar lattice
structure and lattice parameter with the material being deposited. This is a crucial
step in synthesizing epitaxial films. However, this is is not always possible, and a buffer
layer can be introduced to act as a template for the film to be synthesized. As another
consideration, the substrates are expected to not interfere with spectroscopic and other
analyzing techniques employed to investigate the thin film properties. Particularly, this
becomes an issue if the elimination of the background signal from the substrates is not
straightforward. In the present study, ZnO and Mg,Zn; ,O films are synthesized on
sapphire (AlyO3), quartz (SiO2) and calcium fluoride (CaFy). There have been several
previous reports on the growth of such films on sapphire substrates, while there are only
a few reports on CaFy. The lattice mismatch between ZnO and CaFy is 15.8%-slightly
smaller compared to the lattice mismatch between ZnO and sapphire which is about
18.4%. As such, slightly improved qualities of the films are expected using the CaF,
substrates. However, films synthesized on CaFy substrates are limited to further post
treatment. For example, annealing the films above 800 °C, CaF, substrates appear
to change their optical properties, turning from the initial transparent substrate to
being a more milky color. As will be seen later in the chapter 5, when post annealing
treatment becomes important, films grown on sapphire substrates are preferred.

Additionally, the main advantage of using sapphire, quartz and calcium fluoride as a
substrate arises from their UV compatibility. These substrate materials are transparent
in a wide range of UV spectral range due to their large bandgap values ~ 8-12 eV and

thus will not interfere while performing optical measurements.

2.4 Analytical tools for the characterization of the films

(a) Scanning electron microscopy (SEM)

SEM is a non-destructive method used for surface analysis. Similar to an optical
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microscope which uses visible light reflected from a sample surface, SEM uses a differ-
ent form of radiation, an electron beam. Since the wavelength of the electron is smaller
than visible light, the resolution in SEM is therefore much higher, up to 750,000X. 2
When the electron beam bombards the sample, the beam interacts inelastically with
atoms in the sample, resulting in secondary electrons, X-rays, and Auger electrons.
The secondary electrons mostly contain information regarding the surface morphology.
These electrons are generated throughout the primary beam path. However, the elec-
trons can only escape from the surface, and down to 10 nm. Readily interpretable
images can be produced by capturing the secondary electrons with an appropriate
detector.

Compared to optical microscopes, SEM provides a large depth of field which allows
focusing across a large distance with varying depths. This will help in achieving well
resolved details of the surface features even if it is rough. Large magnification, small
signaling depth and a large depth of field all make SEM ideal for surface imaging, and
has been used to study the surface morphology of our sputtered films.

While obtaining images of insulating material, charges start accumulating on the
surface. These charges may heat up the sample and eventually build up enough charge
to distort the image. In extreme cases, the built up charge can deflect the primary
electron beam away from the sample, and into the walls of the SEM chamber.

In an effort to reduce the charging effect, the energy of the beam should be reduced.
However, the best way to prevent charging is to coat the sample with some conducting
material. While coating, the thickness of the coating material must be carefully con-
trolled: if it becomes too thin, it may not dissipate the charge; and if it is too thick,
it can hinder the escaping of secondary electrons from the surface which results in a
weak image.

(b) Energy dispersive X-ray spectroscopy (EDS):

Energy dispersive X-ray spectroscopy (EDS) is a non-destructive microanalysis
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technique, and can be used in conjunction with SEM to determine the presence and
relative abundance of the constituent elements of a sample. When an energetic elec-
tron beam strikes the sample, X-ray photons are produced, and collected via an EDS
detector placed near the sample. Since the energy of these emitted photons is the
characteristic of the parent element, the collected X-ray signal will yield information
about the chemical composition of the sample.

The emission process behind the X-ray signal from the specimen surface upon bom-
bardment with an energetic beam can be better understood in terms of the Bohr model,
shown in figure 2.6. Accordingly, when a focused electron beam impinges on the sam-
ple, it may collide with electrons in the inner shell and eject the electrons from the
atom. For example, if the energy of the primary electron beam is slightly greater than
the binding energy of the K-shell electron (inner most electron), this bound electron
will be ejected, leaving a hole behind. Subsequently, the electrons from the next higher
levels (L or M) will jump into the K-shell, filling in the vacancy, resulting in X-ray pho-
tons. If an electron jumps from the L-shell to the K-shell, the emitted X-ray is called
K, while if an M-shell electron fills the vacancy, the corresponding X-ray emission is
designated as Kg. The photon energies resulting from such transition are character-
istic of a particular atom, and thus these photon energies can be used to identify the
elements that compose the sample.

The energy position of the peak yields the information about the type of element
present, while the intensity of the peak will reveal the relative abundance of the element
in the sample. For an illustration, a representative EDS spectrum of our MgZnO alloy
film is shown in figure 2.7. Important peaks corresponding to the different elements
have been labeled. To identify the chemical composition of the sample, knowledge
regarding the elements composing the sample, and a good library of reference spectra is
needed. Usually, standard analytical software such as NSS is used, which automatically

identifies the peak for each element, and also provides the relative concentration of each
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element in the sample. In certain cases the X-ray energies may overlap. For example
the K line of sodium (1.04 keV) overlaps with the L line of Zn (1.00 keV). In these
cases one must resort to an alternative method for composition analysis. However, in
the present cases, no relevant X-ray peaks overlap so this additional consideration does

not need to be considered further.
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Figure 2.6: Schematic illustration of X-ray emission lines using Bohr model of an atom.
An electron vacancy is created in the inner K shell when primary beam of electrons
strike the sample. The electrons from the higher shells (L or M) fill the vacancy and
the amount of energy equal to such transition will be released in the form of X-rays.

Figure 2.7: A typical spectrum for an EDS scan of MgZnO film. Spectral peak for Al
arises from the sapphire substrate.
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(c) X-ray diffraction

X-ray diffraction (XRD) is a well-known non-destructive technique, and has been
commonly used to study the crystalline quality of materials. A basis for XRD lies
on the fact that a crystalline material consists of periodic arrays of atoms. These
arrangements of atoms can be considered as a set of evenly spaced atomic planes. As
the spacing between the atomic planes is on the order of the wavelength of X-rays, a
crystal can scatter the X-ray beam.

In a simplistic picture, we can think of each atomic plane as a partially transparent
mirror. Hence, when the crystal is being irradiated with X-rays, it is convenient to think
of them as being reflected from the atomic planes as shown in Figure 2.8. Any of the two
diffracted beams from the adjacent atoms will interfere constructively or destructively
depending on their phase. If the path difference between these reflected beams is an
integral multiple of wavelength, they will be in phase and interfere constructively. The
general equation that governs this requirement is known as Bragg’s law, and can be
written as:

nA = 2dsinf (2.4)

Where A is the wavelength of the X-ray beam, d is the spacing between the atomic
planes, 6 is the scattering angle and n is an integer that indicates the order of reflection.

From Bragg’s law it is obvious that for a given value of A, a crystal with different
atomic spacing will produce in-phase scattering at a different value of theta. Experi-
mentally, XRD spectra of a given sample are obtained by detecting the intensity of the
reflected beam as function of the scattering angle over a wide range of angles. Based
on the d-spacing value of the specimen, the XRD spectra will yield a diffraction peak
at a specific angle. By comparing the position of the detected diffraction peak with
the standard reference database, the crystal structure of the sample can be identified.
When a sample exhibits poor crystalline quality, it might need longer time on collecting

the data at each angle and small step size of scan to achieve increase signal-noise ratio
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and better resolution.

In this study, XRD measurements on our samples have been carried out utilizing
X-ray powder diffractometer where the sample is treated as an ensemble of randomly
orientated crystallites. In such randomly orientated crystallites, all lattice planes for
each given type of crystal can produce diffraction pattern at specific angles which would
allow us to identify the crystal structure of the samples. In this study, XRD has been
found extremely useful while finding crystal quality of the ZnO and MgZnO alloy films.
Additionally, it has been used to study the structural inhomogeneity of the MgZnO
films in conjunction with other technique. This will be presented later in chapter in

four in detail.

Figure 2.8: A schematic illustrating for the diffraction of X-rays by the atomic planes
in the crystal. If the path difference between the diffracted beams is integral multiple of
wavelength, the diffracted beams interfere constructively, and this condition is governed
by Bragg’s law.

2.5 Conclusion

The basic theory and instrumentation involved in reactive sputtering utilized to
synthesize ZnO and MgZnO thin films have been discussed in this chapter. This

growth technique is considered relatively simple and straightforward, and has been



35

widely used in research laboratories and industrial volume production lines. Some
important aspects for the growth of the films such as synthesis of the sputtering target,
gas environments, and substrate requirements for the growth of the films have been
discussed.

Additionally, a brief introduction and a basic explanation of the material charac-
terization techniques including EDS, SEM and XRD utilized in this study have been

presented.
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Chapter 3

Characterization Methods: Optical Spectroscopic Techniques

3.1 Spectroscopic techniques

To successfully realize the device applications of semiconductor materials, it is cru-
cial to determine their material and optical properties. In investigating these proper-
ties, several characterization techniques have been utilized. Among different charac-
terization methods, optical spectroscopic techniques have turned out to offer distinct
advantages such as the ability to acquire a significant amount of information in a non-
contact and non-destructive mode. These features are well suited for production lines,
and to examine finished products. Additionally, since the optical spectroscopic tech-
nique utilizes electromagnetic radiation, by manipulating the light beam, the specimen
can be probed to give two- or three-dimensional maps of its properties.®

In our work, the spectroscopic techniques: photoluminescence, Raman scattering
and transmission have been extensively utilized. A brief discussion and practical means

of performing each of these techniques will be presented in this chapter.

3.2 Photoluminescence spectroscopy

Photoluminescence (PL) can be defined as the emission of light from a material
under optical excitation. Since the invention of the laser in 1960, PL spectroscopy
has been extensively utilized as a characterization tool in the study of semiconductor
materials.? 5 It involves thorough analysis of the energy distribution of photons emitted
after optical excitation. This energy distribution is then analyzed to determine material
properties such as defect species, defect energy levels, bandgap, etc.

PL spectroscopy is simple, versatile, and a non-destructive technique, offering dis-
tinct advantages over other spectroscopic techniques. In PL measurements, the sample

does not require any particular handling, preparation, or environmental control. Since
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the sample is optically excited, electrical contacts and junctions are unnecessary. Like-
wise, it is very sensitive, and enables the detection of chemical species even present in
the sample at low density. Additionally, a small amount of the material is sufficient to

perform PL measurements.

3.3 Mechanisms of photoluminescence

In the PL process, light emission occurs due to radiative recombination®” which can
be further understood by considering the band nature of semiconductors. Every semi-
conductor material has a valence and conduction band. The two bands are separated
by a certain energy range referred to as the bandgap (Eg). Typically, electrons reside
in the valence band, which is energetically the lowest state. When light of sufficient
energy is incident on the material, electrons make a transition to the CB. This state
of the crystal not being favorable, the excited electrons relax back to the ground state,
emitting photons. This process of light emission can effectively take place in direct
bandgap semiconductor materials. GaN, ZnO and their alloy materials are some of the
common examples of direct bandgap materials.®?

There are several radiative recombination routes that will lead to light emission
after optical excitation, and some of the basic routes have been depicted in Figure 3.1.

Below a brief discussion of these basic routes has been presented:

® Band to band recombination: This involves the recombination of electrons in the
conduction band and holes in the valence band (process 3 in Fig. 3.1) resulting

an emission at energy equal to the bandgap, E,.

® [Free exciton emission: An electron and a hole residing in the CB and VB respec-

tively may become bound via attractive coulomb interaction to form a bound
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exciton. An exciton energy level associated with the exciton will be created at
an energy lying slightly below the CB. Electrons and holes forming excitons will
recombine radiatively (process 4 in Fig.3.1) emitting photons, and the resulting
light is referred to as excitonic emission. The energy of the excitonic emission,
Eez, is given by:

Ee—E, - (3.1)

Where E, is the binding energy of the free exciton. The binding energy can be

estimated using the Bohr hydrogen model, and is given by:

m*e*

B = — "
b 3972222

(3.2)

Where ¢ is the permittivity of the semiconductor material and m* is the reduced

effective mass of the electron and hole.

® Bound exciton emission: Excitons may become bound with a donor, or an ac-
ceptor forming a bound exciton complex. The energy of emission as a result of

bound exciton recombination, Egx, is given by:

Epx = Eep — Eypx = By — By — Eypx (3.3)

Where E,px refers to the binding energy of the bound exciton.

Among different types of recombination routes discussed here, light emitted from
the free excitonic emission is the most desirable one as far as efficiency is concerned.
With the presence of the excitonic level, electrons from the conduction band drop out
from the conduction band in to the excitonic level. While residing in this level, electrons
are much less likely to participate in crystal vibration or any other interaction. Rather,
these electrons will relax back to the valence band and combine with the holes resulting

in an efficient emission of light. In the case of ZnO and Mg,Zn;_,O alloy materials,
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the large excitonic binding energy makes them excellent emitters potentially useful in

device applications.

3.4 Effect of bandgap engineering on PL

As discussed in chapter 1, alloying of semiconductors is a key technique in realizing
new bandgaps that are not provided by naturally occurring semiconductors. Further-
more, a tunable band-edge emission is expected via such alloying process. In earlier
work by Morrison et al.!, the PL emission has been reported to exhibit the blue shift
~ 0.25 eV for a Mg composition of 30 at.% in Mg,Zn;_,O nanocrystal. As will be
discussed in 4, the current study has established the bandgap modulation spanning in
the range ~ 3.30 to 5.85 eV for Mg composition in the range 0 to 78 at.%. However, re-
garding the light emission properties of alloy films, an extensive study for Mgg 17Zng 30

film has been carried out, and will be presented in chapter 6.



(2)

41

&

(1)

ﬁ

E,

BG

3)

FE
(4)

—

Figure 3.1: Schematic representing potential routes for photoluminescence in a direct
bandgap semiconductor. (1) The incident laser light of energy, hw, excites electrons
from the valence band to the conduction band, leaving a hole in the valence band. (2)
The electron thermalizes to the lowest energy state of the conduction band, and then

will recombine radiatively with

the hole in the valence band in one of the following ways:

(8) bandgap recombination, (4) free exciton emission, or (5) bound exciton emission.
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3.5 Instrumentation for PL spectroscopy

A number of custom built spectroscopes have been described in the literature for the
PL measurements. In the current study, the custom built micro-Raman and PL system
of model Jobin Yvon/Horiba T64000 has been utilized (Figure 3.2). This system is
optimized for UV spectroscopy and is capable of probing a spot size less than a 1um.
The laser light used as excitation sources are a Kimmon He-Cd laser operating at 325
nm (3.8eV), and a Lexel SHG frequency doubled argon ion laser operating at 244 nm
(5.1eV): both lasers operate in continuous wave mode. The Lexel laser has a beam
diameter of 0.8 mm, and a tunable output power up to 100 mW while the Kimmon
laser has a beam diameter of 1.2 mm and output power of 50 mW.

The optical system has been equipped with a triple monochromator, confocal mi-
croscope and CCD for photon detection. The gratings used for the spectrometer and
premonochromator are 2400 lines/mm and 1800 lines/mm respectively. Such a combi-
nation provides a reasonable compromise between resolution and range. The confocal
microscope increases spatial and lateral depth resolution. Additionally, the system
consists of a UV camera and a TV screen, enabling a view of the area being sampled

as well as the laser spot on the sample.
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Figure 3.2: A photograph of the instrumentation used for the Raman and PL measure-
ments (a) The Jobin Yvon/Horiba T 64000 photoluminescence/Raman system (b) The
Kimmon He-Cd laser operating at 325 nm (3.8 eV) wavelength (on the right) and a
Lexel SHG frequency doubled argon ion laser of wavelength 244 nm (5.1 V).
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3.6 PL measurements at low temperatures

Low temperature PL measurements are effective and powerful in examining the
optical properties of semiconductors. With such measurements, one can examine the
presence of defects, measure the bandgap, and determine the overall crystal quality
of the semiconductors. When the temperature is sufficiently low, optically excited
carriers are trapped at the binding centers (such as donor and acceptor centers). If
these carriers recombine radiatively, the energy of the emitted light yields the energy of
the defect or impurity level. Various recombination routes, such as free exciton emis-
sion and excitons bound to impurities, can be resolved and systematically identified.
Additionally, an investigation of optical properties of semiconductors at low tempera-
ture can be extremely useful in fabrication of devices that are expected to operate at
cryogenic temperatures.

Figure 3.3 shows how well resolved excitonic features could appear in the PL spectra
of bulk ZnO'! collected at liquid nitrogen temperatures; the spectra collected at room
temperature and at 180 K are included for comparison. At room temperature, ZnO
displays a single emission peak in the UV region. As ZnO is cooled to liquid nitrogen
temperatures, the single peak splits into multiple sharp peaks. These sharp peaks
are attributed to various excitons and phonon replicas present in the bulk ZnO. More
specific and detailed low temperature PL studies for our ZnO and MgZnO films will
be presented in chapters 5 and 6.

In our studies, the low temperature PL. measurements were performed utilizing an
Instec microscopy cell of model HCS600V capable of operating in the temperature range
of 77 K to 873 K. This cell is equipped with a glass window which is highly transparent
to the light in the UV range, making it ideal for the UV spectroscopic measurements.
An experimental set up for low temperature PL. measurements is shown in Figure 3.4

As can be seen in Figure 3.4 an Instec stage is attached with an MK1000 temper-
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ature controller and Instecs LN2-SYS cooling system, the controller will control the
temperature of the stage precisely, and the cooling system allows the fast and accurate
cooling of the Instec stage using liquid nitrogen. Additionally, during low temperature
measurements, the vacuum environment (about 1072 Torr) was created inside the stage

utilizing a Duniway adsorption pump attached to the instec stage.

Intensity (A.U.)

180 K

275 K

3.15 3.2 3.25 33 3.35 3.4 3.45
Energy (eV)

Figure 3.3: Representative PL spectrum of bulk ZnO crystal at various temperatures.
The PL spectrum at room temperature (the lower trace, green) displays a single broad
peak. The PL spectrum collected at 180 K (middle trace, blue) starts showing distinct
features, but it is still not well resolved. The PL spectrum at 80 K (upper trace, red)
displays well resolved excitonic features: D°X~ 3.362 eV, and free exciton X~38.376
eV. Smaller peaks that appear at the lower energy position are phonon replicas of the
free exciton (taken from ref. 11)
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Figure 3.4: An instrumental set up for the temperature dependent PL measurements
performed in this work (a) An Instec microscopy cell of model HCS600V, which can
operate in the temperature range 77K to 873K. (b) A programmable high precision
temperature controller, model MK1000, which can control temperature in the range
-190 °C to 600 °C. (c) Instec’s LN2-SYS liquid nitrogen cooling system, capable of
cooling the stage fast and accurately and (d) An adsorption pump system that creates
a vacuum inside the Instec cell.



47

3.7 Overview of Raman spectroscopy

When light is incident upon a material, it can interact with a material in different
ways: it may be absorbed or scattered, or may not interact with the material passing

t.12 During scattering, a large fraction of light is elastically scattered,

straight through i
exhibiting the same frequency as that of the incident light. This phenomenon was
discovered by Lord Rayleigh in 1871, and is known as Rayleigh scattering. In 1928,
Chandrasekhara Venkata Raman, an Indian physicist and his collaborator discovered
that when monochromatic light of frequency vy impinges on a material, a small fraction
of the scattered light, perhaps 1 photon in 10° or 107, will be scattered inelastically

either towards lower frequencies (Stokes scattering) or higher frequencies (anti-stokes

scattering). This phenomenon is known as the Raman effect.

3.8 Basic theory of Raman scattering

The classic theory of Raman scattering is based upon the light scattering event in
terms of the oscillating dipole.'®1* When electromagnetic radiation E is illuminated on

the sample, the resulting dipole moment produced in the molecule is given by:

P=aF (3.4)

Where « is the polarisability of the molecule, and electromagnetic radiation £ =

Eycos(2my;t). Upon substituting for £, Eqn. 3.4 becomes:

P = aEycos(2mv;t) (3.5)
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The vibrational modes of atoms in the solid are oscillating in nature, and can be

described in terms of normal coordinate, (@), as:

Q = Qocos(2my,t) (3.6)

where v, is the frequency corresponding to the normal mode of vibration. The oscilla-
tion of the atoms may affect the polarizability and it can be expanded in Taylor series

as for a small oscillation:
a =+ (0@) () + higher-order terms (3.7)

Plugging the expression for @) from Eq. 3.6 in Eq. 3.7 and then substituting the

resulting expression of o in Eq. 3.4 yields the following expression:

Ja

1
p = agEgcos(2my;t) + EOQO <8Q

) {cos[2m(v; + vp)t] + cos[(2m(v; — vp)t]}  (3.8)

Examining the last expression, it is obvious that the induced dipole oscillates at
three different frequencies. The first term corresponds to an oscillating dipole radiating
at incident frequency v;, i.e. Rayleigh scattering while the latter two terms represent
oscillating dipoles radiating at frequencies v; + v, and 1; — 1, and thus represent
the inelastic Raman process. A schematic representation of the Raman scattering
process has been shown in Figure 3.5. Furthermore, the above equation reveals that
only certain vibrational modes of a molecule become Raman active if the polarisability
changes corresponding to these vibration modes i.e. (g—g) # 0. However, this condition
is governed by the symmetry of the crystal being studied. Equation 3.8 reveals that
Raman scattering is sensitive to the polarizability and phonon frequency of vibration.
These parameters in turn depend on several chemical and physical parameters such as

the nature of the atoms involved in the bond, the nature of the bond and the symmetry
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of the crystal or molecule under study.!®

As discussed above, when light interacts with the normal mode of vibration of crys-
tal or molecule, Raman scattering occurs. In a Raman spectrum, a set of frequencies
corresponding to the normal modes of vibrations appear shifted from the frequency
of incident light (usually the laser light). These shifted frequencies are independent
of the frequency of laser light, but are the characteristic of the material giving rise
to Raman scattering. Thus, a Raman spectrum can be considered as the fingerprint
for the material being studied. Typically, the Raman peaks are narrow and exhibit a
Lorentzian shape®®.

In practice, Raman signals are quite weak which is due to the fact that only a
very few photons, about 1 in 1,000,000 to 10,000,000, undergo Raman scattering. The

probability that a photon will undergo Raman scattering can be written as:!?

I = Klo*w* (3.9)

Where K is a constant, and involves quantities such as speed of light, [ is the laser
power, « is the polarizability of the molecule or crystal being studied, and w is the
frequency of the incident light. As one can see from equation, use of a laser light with
a high frequency, as an excitation source during acquisition of Raman spectra, can
improve the intensity of the Raman signals.

By convention, spectroscopists normally use wavenumber for the measurements in
Raman spectroscopy. The wavenumber is written with units in ¢m ™!, and can be
expressed as:

v _1

U= o= )\(cm_l) (3.10)

Where ¢ is the speed of light in cm/s.
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Figure 3.5: Schematic illustration for the Raman scattering effect in a crystal. Upon
excitation with the laser light of energy E, wvibrational modes known as phonons of
energy E, are created in the crystal, and the rest of the radiant energy, Es being scattered
off the crystal. The conservation of energy gives: Ep=E, + FEs. The scattered light
from the crystal Eg is detected by the Raman detector; which allows the calculation of
phonon energy E,.
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3.9 Instrumentation for Raman spectroscopy

The instrumentation used to perform the Raman scattering experiments in our
studies is essentially identical to the one described in section 3.5. The only difference
lies in the position of the grating while collecting Raman and PL spectra. While
collecting PL spectra, the gratings are required to scan over a wide range of energy
(for example a spectrum might cover a range of 2.8 eV to 5.1 eV). In contrast, for
Raman spectra the system is required to scan over a much smaller range. Additionally,
since the Raman signals are weak, Raman scattering requires much larger acquisition
time relative to PL. However, for resonant Raman scattering (discussed in the later
section) one might record the signal with less acquisition time. As a further note, for
low temperature Raman measurements, the additional instrumentation described in

section 3.6 is needed.

3.10 UV-Visible transmission spectroscopy

When material is irradiated with electromagnetic radiation, light-matter interac-
tion results a number of processes. Light may be absorbed, scattered and re-emitted
and so forth. Up on excitation of molecules (or atoms) with appropriate photon energy,
electronic transition will occur in which the electrons associated with more than one
nucleus, the so-called bonding electrons undergo energy level transition. The electron
transition in molecules in turns lead to the absorption of photons of incident electro-
magnetic radiation. However, in some cases depending on photon energy, molecules
may exhibit molecular vibration or rotation instead of exhibiting electronic transition.
The electronic transition in molecules require high energy and hence UV-Visible part
of EM radiation can stimulate such transition. However, the energy difference between
the levels associated with vibration and rotation of the molecules is smaller compared

to those involved in electronic transition, a longer wavelength of radiation i.e., infrared
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and far infrared (or microwave) part of EM radiation may result in vibration and
rotational absorption, respectively.

In UV-Visible transmission spectroscopy, samples are irradiated with UV-Visible
light and upon excitation electrons from the ground state may be prompted to excited
states. In a semiconductor, when the photon energy of incident light becomes sufficient
(i.e., equal or greater than the bandgap value), the electrons residing in the valence
band may undergo transition to the higher states in the conduction band. On the
other hand, if the photon energy of the incident light is less than the bandgap, light
will be transmitted through the material. In UV-Visible transmission spectroscopy, one
records the amount of light passing through the material relative to the incident light
as a function of wavelength and obtains the transmission spectrum, which equivalently
provides the information on absorption properties of the material.

Transmission spectroscopy is a complementary technique to photoluminescence
spectroscopy (PL). On analyzing the PL emission spectra from the material upon
excitation, the spectra will provide information such as exciton energy, defects and
doping. But PL does not convey information on bandgap of the material, particularly
if the material exhibits excitonic emission and defects. As such, transmission spec-
troscopy becomes essential in deducing the value of bandgap, an important quantity
which determines the electronic properties of the material. Besides this application, the
transmission spectra are quite useful in determining the thickness, refractive indices,
and Urbach energy of the sample. Hence, transmission spectroscopy in conjunction
with PL spectroscopy reveal an extensive picture on optical properties of the semicon-

ductor materials.

3.11 Transmission spectra: bandgap analysis

As mentioned above, when semiconductor material is exposed to light irradiation,

the material becomes transparent to photon energies below bandgap while photons



93

with energies higher than Eg will be absorbed by the semiconductor. A representative
transmission spectrum acquired for ZnO bulk is shown in Figure 3.6. In the lower wave-
length region, the film appears to be highly transparent while the transmission drops
sharply about the bandgap value of the material. Thus, by analyzing the transmission
spectrum, one can extract the bandgap value for semiconductor material. Particularly
for the films ZnO and Mg;_,7Zn,0O alloy films studied in this work, the bandgap has
been determined utilizing the transmission spectra via two methods:

(a) Tauc Plot analysis

(b) Derivative method

Since Tauc plot analysis utilizes the absorption spectrum, deduced from the trans-
mission spectrum, it would be wise to discuss the fundamental absorption process in

the semiconductor material. This will be presented in the following section.
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Figure 3.6: Transmission spectrum of bulk ZnO. This transmission spectrum reveals
that the transmission drops sharply around 3.1 eV, and the steep drop is due to the
bandgap of ZnO. The methods of extraction of bandgap utilizing the transmission spectra
are presented in in sections 3.13 and 3.14.

3.12 Interband absorption

As shown in Figure 3.7 consider a fundamental absorption process in a semicon-
ductor material upon interaction with photons of energies hr. Further, for simplicity,
let us consider that the lower states are completely filled while the upper states are
empty, which is strictly true at 0 K. In the case of direct bandgap semiconductor, all
the vertical transition are possible, and the transition probability becomes independent
of photon energy. As shown in the Figure 3.7, every initial state F; is associated with
the final state E; such that:

E; — FE; = hv (3.11)
In parabolic band,

h2k?
2m*

e

E;=E,+ (3.12)
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and

h2k?
Ei = ——— (3.13)

2my,

Hence,
Rk (1 1
hv = E4 + < + *> (3.14)
2 m: o mj

Next, the density of the states associated with the transition can be given by:

8rk2d
N(hv)d(hv) = 1
(hw)dhw) = < (315)
Using equation 3.14, equation 3.15 can be further written as:
(er‘)% 1
N(hv) = (hv — E,)? (3.16)

2m2h3

where m, is the reduced mass of an electron and hole.
Following Ref. 16, the absorption coefficient due to band to band transition can be

expressed as:
4mr2e?

nem2w

| Pof PN (hv) (3.17)

o =

where | P;f |* is the matrix element of the momentum. Without going further into
detail for | P,f |*, and simply using its value from ref. 17 and using equation 3.16,

equation 3.17 can be written as:

a(hw) = A*(hv — E,)? (3.18)
where
* * §
2 mhme 2
q (m)
A g —— L 3.19
nch?m (3.19)

where n is the index of refraction. Eqn. 3.18, reveals that for hv = E,;, absorption

coefficient (cr) becomes zero while hi > E,, it varies as (hv — E,)2. This provides main
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basis for the Tauc plot analysis discussed as in the next section.

hv

» K

Figure 3.7: Band to band transition in a direct bandgap semiconductor upon interac-
tion with photons of energies hv. For a direct bandgap semiconductor, only vertical

electronic transitions are allowed, and each energy state in valence band is associated
with each energy state in the conduction band
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3.13 Tauc plot analysis and determination of bandgap

Following the quantum mechanical model, Ridley!'® deduced the expression for ab-
sorption coefficient associated with inter-band optical absorption processes in direct
bandgap semiconductor material, which is slightly deviated from Eqn. 3.18 and is

given by:

1

—C—(E—E,):? 3.20
0= Cp(E-E) (3.20)
2 * %
where C' = a2 R% 52 (22'?) is a constant.
Further, above Eqn. 3.20 can be written as:
*E*n? o< (E — E,) (3.21)

Furthermore, as will be discussed in the next section, the absorption coefficient can

—InT

be deduced from the transmission spectra using o = =

In accordance with the above relation, a plot of [(—InTt ')2E?n?] versus energy
yields a straight line over the energy range beyond E,, and the extrapolation of this
straight to intersect the energy axis provides the value of bandgap.

Though the method described above is straightforward and provides a reasonable
value of the bandgap value for pure semiconductor material, this method has some
issues while determining bandgap value of alloy semiconductors or semiconductors
with defects and impurities. In such cases, the absorption edge becomes broad which
in turn provides an ambiguity in the usual extrapolation of the bandgap via linear
fitting. As such this method may not render a good result for bandgap values. As a
further note, practically, it is common to assume refractive index n as constant over a
spectral region of absorption and hence in Tauc plot analysis, a plot of [(—InTt™')*E?|

versus energy will be obtained. A similar plot has been employed in this work while
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applying Tauc plot analysis to ZnO and Mg;_,7Zn,0O films and will be presented in

chapters 4, 5, and 6.

3.14 Determination of bandgap: the derivative method

In order to overcome the limitations associated with Tauc plot analysis as mentioned
earlier, the derivative method can be used in determining the bandgap of semiconductor
material. In this method a plot of first order derivative of transmission versus energy
will be obtained, and the point of inflection in the plot yields the value of bandgap.
This method has been found useful in determining optical bandgap for alloyed film,
nanostructures and phase segregated materials.'® This method of bandgap determina-
tion has been thoroughly discussed in Ref. 20, and presented here briefly. Transmission

through a film of thickness, ¢, can be approximated as:

Nl

T(E) = e ¢ w (F=Fo) (3.22)

where C, = Ct~!. Without going further detail, from Ref. 20 the limiting value of
first derivative of transmission with respect to energy when the energy of incident light

approaches the bandgap can be written as:

. dT .
Elgrég 95 = —C*(-0-0+1/0) - —0 (3.23)

Hence on plotting between dT'/dE versus energy, a sharp inflection point will be ob-

tained when the incident energy becomes equal to the bandgap value.

3.15 Thickness of the films

While performing transmission measurements in a material in thin film form, prac-

tically film configuration during measurements can be considered as depicted in Figure
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3.8. As can be seen in the figure, A light beam upon incident normally at the air/film
interface will be partially reflected and partially transmitted at the front and back
interface of the film. Taking all these reflected and transmitted light, and further con-
sidering the the film to be uniform and weakly absorbing, the transmission through

the film is given by:?!

T_ ! ! 16nsn’x i i (3.24)
(14+n)(n+ns)” —2x[(n? — 1)(n? — n2)cos(y) + (n — 1)°(n — ny) x?

where z = exp(=172¢) and v = %24, Light waves from the air-film and film-substrate

interfere and hence the transmitted light through the film exhibits the interference
pattern as in Figure 3.9. For maxima and minima, the cosine term in the denominator
of equation 3.24 equals +1 and -1 respectively.

If ny and ny are the refractive indices at two maxima (or minima) at A; and Ao,

then the condition for the interference maxima yields:

2n1d == ml/\l (325)
2n2d = m2)\2 (326)
where m; and my are integers.
Thus,
2n1d 2n2d

(3.27)

ml—mgzM:

A1 A2
where M is the number of inter-fringes (i.e. number of maxima) in the spectral range
of (/\1 — /\2)

Hence,
MM

e e S 3.28
2(n1)\2 — ng)\l ( )
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In the transmission spectra shown in figure 3.9, the maxima indicated in the figure

are located at Ay = 700.5 nm and Ay = 537.2 nm and M = 2. Hence, using above

equation 3.28, d = 926 nm.

The values of thickness acquired via this method were cross checked with the values

measured utilizing an independent method, stylus profilometry, which will be discussed

in the next section.
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Figure 3.8: Transmission of a light beam through a weakly absorbing thin film deposited
on a transparent semi-infinite substrate. For clear view, the normal incident beams are
slightly tilted away from the normal to the surface. Figure adapted from Ref. 22
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Figure 3.9: Transmission spectrum of ZnO film deposited on CaFy substrate. The
transmission spectrum reveals that the transmission drops sharply around 3.20 eV, and
the steep drop is due to the bandgap of ZnO. The sinusoidal pattern at the transparent
region is due to the thin film interference. The spectral position of two mazxima, which
are chosen for the film thickness, are indicated by the dotted lines.
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3.16 Stylus profilometry

Stylus profilometry is a straightforward technique to measure the thickness of a
film. Typically, a profilometer is equipped with a very small needle like stylus which
can move vertically and laterally in contact with the surface of the sample over a certain
distance. By monitoring the vertical position of the stylus while it is moved across the
sample, one can measure the surface height and the thickness of the sample.

To determine the film thickness via this method, one may need to create a step
edge between the film and substrate. Such a step edge can be created by masking a
small portion of substrate during the growth of the film. In our studies, small portions
of a couple substrates used during the growth of the films were masked by attaching
krypton tape. After the completion of film growth, the tape was removed, and cleaned
carefully to remove the residue. This results in a sharp edge between the film and
substrate. For comparison, the measured values of thickness for a few film samples via
both the transmission spectra and profilometry method were tabulated in Table 3.1. As
can be seen in the table, the measured values of thickness utilizing both methods agree
reasonably. In our studies, we have opted to use the transmission spectra, since this
way of finding the thickness is indeed fast, clean, and does not required any additional

steps like in the profilometry method.

Table 3.1: Thickness of the films

Thickness of

the films Transmission method Profilometry method

ZnO film 1062 nm 926 nm

Mgg.65Zng.450 film 165 nm 151 nm
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3.17 Conclusion

This chapter presents a brief discussion on the spectroscopic techniques: Raman,
PL and Transmission spectroscopy. Particularly, a physical basis and a practical means
of performing each of the spectroscopic techniques have been discussed. Representa-
tive spectra acquired utilizing each technique have also been included to indicate the
basic semiconductor quantities measured, and how the measurement is made for each
technique.

Basic radiative routes for the PL process, a basic theory on Raman scattering has
been briefly reviewed. Additionally, two different methods of bandgap determination
utilizing the transmission spectra have been discussed. Furthermore, other useful as-
pect of the transmission spectra, determination of the thickness of the film has been
included.

The spectroscopic techniques discussed here will allow us to investigate the mate-
rial and optical characterization of the ZnO and MgZnO sputtered films, and will be

presented in chapters 4, 5 and 6.
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Chapter 4

Study of the Structural Inhomogeneities Embedded in

MgZnO Alloys via Selective Resonant Raman Scattering

4.1 Introduction

In recent years, the Mg,Zn;_,O alloy has attracted considerable attention due to to
its advantageous material and optical properties. In particular, the Mg,7Zn;_,O system
allows for bandgap tunability into the UV range, has deep excitonic energy which
makes the alloys optically stable at and above room temperature, and is a relatively
environmentally friendly and cost effective material. 1 ® ZnO has the hexagonal wurtzite
structure and a bandgap of ~ 3.4 eV, while MgO has the NaCl cubic structure and a
bandgap of ~ 7.4 eV."® Mg,Zn;_,O alloys spanning the UV range of ~ 3.4 — 6.5 eV
have been realized.!™

The compatible sizes of the Zn and Mg atoms permit solubility for which low
Mg composition alloys favor the wurtzite structure while at the high range the alloys
crystallize with the cubic structure. However, due to the two different crystal structures
of the end members of the Mg,Zn;_,O alloy system, the two oxides do not show
complete solid solubility, and an intermediate composition range exists in which an
alloy is phase separated into the wurtzite and cubic structures. %3910

As discussed in chapter 1, according to the phase diagram of the ZnO-MgO solid
solution, the thermodynamic solubility limit of MgO in ZnO is very small ~ 4%, while
that of ZnO in MgO is ~ 40%.t MgZnO films grown via pulsed laser deposition were
found to exceed the low solubility limit of MgO in ZnO due to the thermodynamic
growth conditions, and single phase films with the wurtzite structure of up to ~ 35%
Mg were achieved.!? A similar solubility limit was obtained in the present work via
the sputtering growth technique. During the sputtering, the relatively high energy

precursor material cools rapidly to the substrate temperature, and due to the lack of
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sufficient diffusion, the film crystallizes in a non-equilibrium state resulting in a high
MgO solubility limit. On the other hand, the Mg-rich cubic phase has a relatively
high solubility limit, and high-quality cubic MgZnO epitaxial films have been realized
in order to enable integration with Si technologies.'® Additionally, in our earlier work,
ceramic samples were studied in terms of the thermodynamic conditions required for
the formation of the wurtzite and the cubic phases.!*

The phase segregation phenomenon has been found to also impact the phonon char-
acteristics of the Mg,Zn,_,O alloy system. The LO phonon of ZnO is at ~580 cm™!
and that of MgQO is ~720 cm™!, and due to the phase segregation, the phonon dis-
persion is not a continuous function going from one end member of the alloy to the
other. Most studies of phonon dynamics of the Mg,7Zn;_,O alloy system were carried
out via infrared ellipsometry and a few via Raman scattering. %0158 A sensitive tech-
nique to study the LO behavior and specifically the phase separation properties of the
Mg,Zn;_,O system is selective resonant Raman scattering (SRRS).

Generally, in SRRS, one tunes the laser excitation into near resonance with the
bandgap of the embedded structure, and thus it is possible to enhance the Raman
signal of the domains by many orders of magnitude. This enhancement provides a
particular advantage in sensitivity for the segregated minority phase domains which
can be in a size regime too small to be detected by X-ray diffraction (XRD). SRRS has
been utilized previously, among other studies, in the investigation of semiconductor
single quantum dot and quantum wells with sizes of only few nanometers.!%20 Ad-
ditionally, the In,Ga;_,N alloy system has been studied via SRRS in order to gain
knowledge of the inherent alloy fluctuations resulting from the large size mismatch of

its constituents.?!72°
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4.2 Selective resonant Raman scattering (SRRS)

In its general form the Raman scattering intensity I is given by?2:

1
(Ea — hwy)(Ep — hws)

I(wp) o wt|és.R.ep|? Z (4.1)

aB
where wy, and w, represent the laser excitation and the scattered photon frequency
respectively; E, and Ejs are the energies of intermediate crystal states; €g and €},
are the scattered and incident polarization vectors; and R is the Raman tensor. The
first term in the above equation is due to the dipole transition radiation, the second
term represents the Raman selection rules which takes into consideration of crystal
symmetry, and the last term leads to resonance effects.?”

Energy conservation relates wy and wg to the phonon frequency w as:
hw = hwy, — hwg (4.2)

As is evident from Eqn. 4.1, when the incident laser frequency approaches the
energies of the crystal intermediate states, the Raman intensity becomes larger and
the signal is said to be resonance-enhanced; an additional enhancement comes from the
dipole radiation term. In general, for semiconductors there may be three relevant types
of intermediate states: Bloch states which are the conduction-valence bands, exciton
states, and in-gap impurity states. Thus, when the laser excitation is in vicinity of the
bandgap energy, the denominator in Eqn. 4.1 becomes smaller leading to enhancement

in Raman intensity.
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4.3 Synthesis of Mg,Zn; ,O alloy films

For this study, eight Mg,Zn;_,O thin films were grown on (111) CaF; substrates
using reactive DC magnetron sputtering described in chapter 2. The base pressure
of the growth chamber was at 107° Torr. Mg-Zn metallic custom targets with desir-
able composition were used, and the deposition of the films were carried out in Ar-Oq
environment at a working pressure of 11 mTorr with delivered power of 30 W to the
sputtering target. The sputtering duration was typically set for 2 hours and the sub-
strate temperature was maintained at 250 °C during the growth process. Film thickness
was measured using the well-known optical interference technique®® and confirmed via
profilometry as discussed in chapter 3. In accordance with the optical interference

technique, the film thickness is calculated via the expression:?

MM Ao
t = 4.3
2(?11/\2 — ng)\l) ( )

where M is the number of maxima or minima in the spectral range of (A; — A2); nq and
nsy are the refractive indices at two maxima (or minima) at A\; and Ay, and can be deter-
mined via the envelope method described by Manifacier et al.?® In these calculations,
we have used the reported values of refractive indices. %2 The alloy compositions were
determined by energy dispersive X-ray spectroscopy (EDS). The samples in this study
are referred to as 0%, 12%, 30%, 49%, 65% and 78%, reflecting their Mg composi-
tion. The crystal structure and quality of the Mg,Zn;_,O films were investigated via
X-ray diffraction (XRD), using a Siemens Diffractometer D5000 with the CuKal line.
The resonant Raman scattering was acquired in a backscattering geometry using the
Jobin-Yvon T64000 micro-Raman/photoluminescence system equipped with a CCD
detector. The probing spot has a spatial resolution of 1 ym and the spectral resolution

1

of the system is ~ 2 em™". The excitation sources were a frequency-doubled Lexel

Ar-ion laser operating at 5.1 eV (244 nm) and a Kimmon HeCd laser operating at 3.8
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eV (325 nm). The Raman scattering was obtained at room temperature. The trans-
mission measurements were performed using an Agilent Cary-300 transmission system
operating in double-beam mode.

CalF, was used as substrate due to its wide band gap of 11.8 eV at 298 K.303! Figure
4.1 present the transmission spectra of CaFy substrate showing its high transparency

over a spectral range of ~ 2-6 eV.
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Figure 4.1: Acquired transmission spectrum of CaFy (001) substrate. CaFy retains
a high transparency to light over a wide range of energy (wavelength) relevant in the
current study and hence will not interfere with any optical feature from Mg, Zn,_, O
alloy system. Thus, this type of substrate is found to be appropriate for the growth of
the films.
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4.4 Results and discussion

4.4.1 Transmission spectra and bandgap analysis of Mg,Zn; ,O

films

To investigate the optical properties and bandgap analysis of MgZnO film, trans-
mission spectroscopy has been utilized. Representative transmission spectra are shown
in Figure 4.2. As can be seen in the figure, the absorption edges of the films are
shifted to higher energy with increasing Mg content in the films, and is attributed to
the widening of the bandgap in the alloy films. Additionally, the spectra exhibited
bandedge broadening as the Mg is increased. Such an enhanced bandedge broadening
with Mg composition is related mainly to morphological structural defects and alloy
inhomogeneities. For determining the bandgap, Tauc analysis as described in chapter
3 has been carried out for all films, and presented in Figure 4.3. The Tauc analysis was
first utilized by Tauc in 1966 to obtain the optical bandgap of amorphous germanium;
now it is among the most used methods for analyzing bandgap of semiconductors. 3233
This method uses the absorption spectrum to extract the bandgap of the material. As
discussed in chapter 3, the absorption coefficient for a direct bandgap semiconductor
material is given by:

o’E* = A(E - E,) (4.4)

where A is a constant, £, is the bandgap, and « is the absorption coefficient.

Thus, the Tauc plot involves a plot of (aE)2 versus the incident photon energy; an
extrapolation of the linear region to the energy axis yields a bandgap value. As a note,
the values of absorption coefficients required for the Tauc plot analysis can be obtained

via the transmission spectra using the relation:

T = —InT/t (4.5)
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where t is the thickness of the film.

Though this method of finding the bandgap is quite simple and powerful, it may
not yield right value of bandgap, particularly when the absorption edge is not sharply
defined. The previous studies had suggested that a more appropriate procedure for
phase segregated alloys and nanostructures with a relatively broad transmission spec-
tral line is the method that employs the derivative of the transmission with respect to
energy, i.e., dT/dE.3*36 As discussed in chapter three, in this method, as the energy
approaches that of the bandgap, the derivative should exhibit a minimum for which
its sharpness depends on the characteristics of the transmission spectrum.3*

Figure 4.4 presents the derivative analyses, and Figure 4.5 summarizes the obtained
values of the bandgaps for both methods. The results indicate that for all but two
samples, the 61% and 65%, both methods are in good agreement. As will be discussed
in the following sections, the 61% and 65% are among the samples that were found
via SRRS analysis to exhibit structural inhomogeneity. We suggest that the derivative

method in that case is a more straightforward approach for obtaining the majority-

phase bandgap value of our alloys.
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Figure 4.2: Representative transmission spectra of the Mg, Zny_, O alloys with Mg con-
tent indicated. With increasing Mg composition the band edge moves toward higher
energy and simultaneously becomes increasingly broadened. The shifting of bandgap
toward higher energy is caused by the widening of bandgap in MgZnO alloy films while
the increased broadened bandedge is attributed to the inherent morphological structural
defects and alloy inhomogeneities. The additional sinusoidal features at low energies
are due to thin film interference.
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Figure 4.3: Tauc plot analysis for the determination of bandgap for Mg, Zny_, O alloys
with Mg content indicated. For bandgap determination, Tauc plot method involves the
extrapolation of linear region observed in (o E)? versus energy plot, to energy azis, as
indicated by by dashed lines in the Figure. For Mg, Zn,_, O with higher Mg composition,
Tauc plot method may result a significant uncertainty in the optical gap values due to
absence of well defined linear region.
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Figure 4.4: The plots of the derivative of the transmission with respect to energy, dT/dE
of the MgZnQO alloys. The bandgaps are marked. The main minimum corresponds to
the bandgap energy. The additional minima are the film interference patterns.
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Figure 4.5: The MgZnO alloy bandgaps as a function of Mg composition. The filled
symbols are data points were obtained via the derivative method while the open symbols
are data points obtained via Tauc plot analysis. The shaded area presents the phase
segregation range obtained from the SRRS analysis.
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4.4.2 Structural characterization of the Mg,Zn; ,0O films via
XRD

In order to investigate the crystal structure and quality of the Mg,Zn; ,O films,
the X-ray diffraction (XRD) was performed using a Siemens Diffractometer D5000 with
the CuKal line in 2h mode for two different acquisition times of 2 h and 14 h. XRD
spectra of several samples are presented in Figure 4.6. The XRD study, for a data
acquisition time of 2 h, indicated that the first six samples with Mg composition 0%,
12%, 30%, 49%, 61%, and 65% have diffraction patterns corresponding to the (0002)
wurtzite structure. As a note, (0002) XRD peak in all those samples were referenced
corresponding to the substrate CaFy peak.

In contrast to the Mg,Zn;_,O films with x = 0%, 49%, 61%, 65%, the XRD spec-
tra in Figure 4.6 for last two samples with Mg composition of 68% and 78% display
diffraction patterns corresponding to the cubic rock salt structure. In an effort to iden-
tify the existence of any phase segregation in all the alloy Mg,Zn;_,O films, a long
integration time scan XRD pattern, ~ 14 h, was acquired from all samples. As can be
seen in Figure 4.6, the Mgg ¢5Zng 350 film which has a wurtzite phase component, was
found to also exhibit a weak diffraction peak corresponding to the cubic phase, while
the MggsZng 320 which is cubic was found to exhibit a very weak diffraction peak
assigned to one of the tilted faces of the wurtzite structure. Thus, XRD performed for
long integration time provides a direct evidence phase segregation in Mg,7Zn;_,O films
with x = 65%, 68% where two or more different crystal structures co-exist. However,
long integration time XRD experiments of the Mgy 75Zng 220 film did not show any
evidence of the wurtzite minority phase. Further investigation into such structural
inhomogeneity in Mg,Zn;_,O based upon the SRRS technique will presented in the

later section.
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Figure 4.6: The XRD patterns of several of the MgZnO films. The XRD for a data
acquisition time of 2 h indicate that at up to 65% Mg composition the samples have
diffraction patterns corresponding to the wurtzite structure, while those of the 68% and
78% compositions correspond to the cubic NaCl structure. For a data acquisition time
of 14 h, the XRD indicates that the 65% sample has an additional diffraction peak
corresponding to the cubic phase, and the 68% sample has an additional weak peak
corresponding to the wurtzite structure phase.
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4.4.3 Structural inhomogeneities in Mg,Zn; ,O alloy films,

and their identification via SRRS technique

In this section, a SRRS study of alloy inhomogeneity in all Mg,Zn;_,O samples
with Mg composition 0%, 12%, 30%, 49%, 61%, 65%, 68% and 78% is presented. The
Raman spectra of the Mg,Zn;_,0O films, presented in Figure 4.7 were acquired utilizing
both the 3.8 ¢V and the 5.1 eV laser lines for all samples. Figure 4.8 summarizes
the Raman scattering results of 4.7. According to the Raman selection rules, the
scattering of longitudinal optical (LO) phonon mode in ZnO with the wurtzite structure
is allowed; in contrast, MgO with the cubic NaCl structure has no allowed first order

3738 Due to the different Raman selection rules, the properties of the six

scattering.
alloys (0%, 12%, 30%, 49%, 61%, and 65%) with the wurtzite structure are discussed
below first, followed by those of the two alloys with the cubic structure (68% and 78%).

As can be seen in Figure 4.7, the spectra of the six samples exhibit the first LO
mode and its higher orders, implying a resonant behavior.3*4% In general, when the
laser excitation energy is in the vicinity of some energy states of the crystal, such as
bandgap energy, for example, resonant multiphonon scattering occurs. The occurrence
of resonant multiphonon scattering, particularly in ZnO and MgZnO alloys has been
previously reported in Ref. 41. Thus, probing a phase segregated alloy with different

laser lines should result in resonant behavior: conditionally the laser energies are in

resonance with the bandgaps of the domains which exist in that alloy.
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Figure 4.7: The SRRS spectra of the LO modes and their higher orders of the MgZnO
alloys. All spectra, except the 68%, were acquired at room temperature. The 0%, 12%,
and 30% samples exhibit Raman scattering only with the 3.8 eV excitation. The 49%,
61%, and 65% samples exhibit Raman scattering with both the 3.8 eV and the 5.1 eV
excitations. The 68% and the 78% alloys did not have Raman scattering upon the 5.1
eV excitation. For the 68% sample, the T7K spectrum is presented. The 78% sample
did not show any SRRS; a peak at 1620 cm™" is currently under study.
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Figure 4.8: The 1LO and 2LO mode-behavior as a function of Mg composition. The
shaded area presents the phase segregation range of the alloys. The vertical dashed line
represents the location of the 78% sample. Solid and open symbols are data for the 3.8
and 5.1 eV excitation, respectively. The lines are guide to the eye. As can be seen
in Figure, the spectra of the six Mg, Zni_, O alloy samples (with © = 0%, 12%, 30%,
49%, 61%, 65%) exhibit the first LO mode and its higher orders, implying a resonant
behavior. The order of multi-phonon scattering depends on the strength of the electron-
phonon interaction. The samples with © = 0.68 and 0.78 did not show any Raman
scattering with the 5.1 eV excitation. However, Raman scattering acquired at 77 K for
these samples revealed a LO scattering at the lower frequency regime ~620 cm™t for
68% sample, which corresponds to the scattering from Zn-rich domains.
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With regard to the 0%, 12%, and 30% samples, this group was found to exhibit
resonant Raman scattering with the 3.8 eV excitation; the 5.1 eV excitation did not
result in any LO Raman scattering. The bandgaps of those aforementioned group of
samples as can be seen in figure 4.4 are at the range of ~ 3.2 to 3.7 eV, which is
within the excitation energy range. Our results indicate that SRRS was observed and
moreover this group of alloy samples does not have significant phase segregation. As
can be seen in Figure 4.8, the Raman frequency in the composition range 0%-30% has
a shift of ~ 45 cm™!, a result that is similar with that found in a previous study on the
resonant Raman behavior of the LO mode in MgZnO films with the wurtzite structure
utilizing the 3.8 eV laser line.'®

In contrast to the samples with the low Mg composition, the samples of higher
Mg composition: 49%, 61%, and 65% were found to exhibit resonant behavior with
both excitations of 3.8 eV and 5.1 eV, as can be seen in Figures 4.7 and 4.8. For
these samples, the 5.1 eV excitation energy resulted in a significantly higher LO mode
frequency. This trend excludes the possibility that the two different Raman frequencies,
which resulted from the two excitations, are due to probing into the Brillouin Zone.
The dispersion curve of the LO phonon of ZnO and MgO is a decreasing function of the
k-vector;*? thus, the 3.8 eV laser, which has a smaller wave vector relative to that of
the 5.1 eV laser, should couple to a LO phonon of higher frequency than that of the 5.1
eV excitation. However, this is not what was observed. Furthermore, a depth profile of
the Raman frequency was performed with the 5.1 eV laser in order to check the impact
of its short absorption length and look for possible surface domain segregation with
higher Mg-rich alloy. This experiment resulted in a variance of about 3 cm~! which is
within the experimental error, pointing to negligible surface segregation.

The different Raman frequencies resulting from the two laser excitations can be
explained within the framework of the selective resonant enhancement for which each

excitation is in resonance with energetically compatible composition fluctuation. The
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higher LO frequency is due to resonance from Mg rich domains of higher bandgaps,
while the lower frequency is due to Zn-rich domains of narrower bandgaps.

To further investigate the structural characteristic of the domains, a long integration
time scan XRD pattern, 14 h, was acquired from all samples. These results were shown
in Figure 4.6, and indicate that the 65% sample, which has a wurtzite phase component,
was found to also exhibit a weak diffraction peak corresponding to the cubic phase.
As was stated above, first order Raman scattering from the NaCl structure, which has
inversion symmetry, is not allowed. However, defects and impurities can destroy the
symmetry, which in turn may result in first order Raman scattering, a phenomenon
that was previously observed in MgO and NaCl crystals. 384344

Additionally, it has been reported that forbidden LO phonons may become Raman
active under resonant conditions due to the Frohlich interaction mechanism.*® In light
of the above results, it can be stated that the high-frequency LO-phonon at 650 cm™*
of the 65% sample is a SRRS originating in a Mg-rich phase with the NaCl cubic
structure. The other two samples, 49% and 61%, which were also concluded via the
Raman study to have alloy inhomogeneities, did not show any evidence, from XRD
analysis, for the presence of the cubic phase. However, the 49%, and 61% samples are
in the range of sufficiently high Mg concentration to favor domain segregation with the
NaCl cubic structure. Previous study on the phonon characteristics of pure cubic phase
MgZnO, utilizing far-infrared reflection, has found that for a similar Mg composition
as the above two samples, LO phonon components are at ~650 cm ™!, which is within
the frequency range found in the present study utilizing SRRS.? The lack of distinctive
XRD peaks in this present study may indicate that the cubic domains are too small to
be detected via this method.

The investigation of the alloys with the cubic phase, the 68% and the 78% sam-
ples, found that neither of these alloys showed any Raman scattering with the 5.1 eV

excitation, a result that is consistent with the previously discussed Raman selection
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rules for the NaCl structure. Moreover, the room-temperature Raman scattering ex-
periments utilizing the 3.8 eV did not show any meaningful evidence in the spectra of
a LLO mode resulting from wurtzite phase domains. To further investigate the minority
phase in these alloys, Raman scattering was acquired at a temperature of 77 K. In this
experiment, the 68% sample was found to exhibit LO scattering at the low frequency
regime ~ 620 cm~! which corresponds to scattering from Zn-rich domains. The long
integration time XRD of this sample, presented in Figure 4.6, was found to exhibit a
very weak diffraction peak assigned to one of the tilted faces of the wurtzite structure.
The cold temperature Raman scattering and long integration time XRD experiments
of the 78% sample did not show any evidence of the wurtzite minority phase. In light
of the above results, it can be stated that in these two alloys the symmetry of the
NaCl cubic structure is preserved, the samples do not contain a significant amount of
minority phase, and the onset to the cubic phase occurs at ~65% Mg composition.
Additionally, the observed LLO phonon mode frequency with Mg composition, in
the composition range 0%-30%, has been fitted as shown in Figure 4.9% using bowing
model of Ye et al.'® According to this model the phonon frequency as a function of Mg

composition has the the following form:

w(z) = wzno(l — ) + wygor — bx(l — x) (4.6)

where 7 is the composition and wz,o and wygo are the phonon frequencies of the end
members, and b is a bowing parameter. This bowing model fits well as can be seen in
the Figure 4.9.%° For the fit, wz,0=575 cm ™!, wyr;0=618 cm ™!, and b=-160 cm ' were
taken, which are similar to the values reported previously.'>*” The agreement between
the model and the data indicates that the alloy may not exhibit phase segregation

below ~30% Mg which is consistent with the SRRS conclusions.
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Figure 4.9: Raman shift for 1LO phonon mode as a function of composition for 3.8 eV
(filled circles) and 5.1 eV (open circles) laser excitations. The shaded area represents
the wurtzite-rocksalt phase transition region determined from selective resonant Raman
scattering. The dashed line is a fit to our observed data following the bowing model. %45
The solid lines are guides to the eye.
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4.5 Conclusion

In this chapter, a series of MgZnO alloy films with Mg composition ranging from 0
to 78% were successfully synthesized via sputtering and the optical gaps of the samples
were found to span the UV range of 3.2-5.8 eV. The issue of phase segregation, inherent
to the MgZnO alloy system, was investigated via SRRS which was demonstrated to be
a highly sensitive technique for the detection of embedded structural inhomogeneities.
The main findings of our work presented in this chapter is:

For the sputtered Mg,Zn;_,0O alloy films in the composition range of 0<x<0.78,
the inherent phase segregation range via SRRS was found to be in the range
of 35%-65%Mg, in which domains of hexagonal-wurtzite and cubic-NaCl

structures coexist.

Some of the other important results obtained via different measurements are in-

cluded as in the following:

® The Mg,Zn;_,0O alloy films with Mg composition 0<x<0.35 were found to exhibit
resonant behavior only with 3.8 eV laser indicating this group of alloy films were

in single wurtzite phase without any segregation.

® In contrast, the films with higher Mg composition 0.49<x<0.65 were found to be
in resonance with both the 3.8 eV and 5.1 eV laser energies providing the direct
evidence of existence of two embedded wurtzite and cubic structural phases.
These results indicate the 3.8 eV laser provides resonance condition for that the
wurtzite structural domain while the 5.1 eV laser is in resonance with cubic

domains of higher optical gaps.

® As similar to the SRRS result, for Mggg5Zng 350 film, the presence two co-

existing wurtzite and cubic structural domains were confirmed film via long-
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time-integration XRD. Similarly, the long integration time of the sample with
the 68% Mg composition was found to exhibit a very weak diffraction peak cor-
responding to one of the tilted faces of the wurtzite structure while the film with

78% Mg composition did not show any evidence of the minority phase.

The two alloy films with 68% and 78% Mg composition did not show Raman
scattering with the 5.1 eV excitation confirming that the NaCl cubic structure is

preserved in these two alloys.



88

References

[1]

2]

3]

[11]

[12]

[14]

[15]

A. Ohtomo, M. Kawasaki, T. Koida, K. Masubuchi, H. Koinuma, Y. Sakurai, Y. Yoshida,
T. Yasuda, and Y. Segawa, Applied Physics Letters 72, 2466 (1998).

A. K. Sharma, J. Narayan, J. F. Muth, C. W. Teng, C. Jin, A. Kvit, R. M. Kolbas, and
O. W. Holland, Applied physics letters 75, 3327 (1999).

S. Choopun, R. D. Vispute, W. Yang, R. P. Sharma, T. Venkatesan, and H. Shen,
Applied Physics Letters 80, 1529 (2002).

J. L. Morrison, J. Huso, H. Hoeck, E. Casey, J. Mitchell, L. Bergman, and M. G. Norton,
Journal of Applied Physics 104, 123519 (2008).

X.-B. Chen, J. Huso, J. L. Morrison, and L. Bergman, Journal of Applied Physics 102,
116105 (2007).

J. Huso, J. L. Morrison, J. Mitchell, E. Casey, H. Hoeck, C. Walker, L. Bergman, W. H.
Oo, and M. D. McCluskey, Applied Physics Letters 94, 061919 (2009).

U. ()zgiir, Y. I. Alivov, C. Liu, A. Teke, M. A. Reshchikov, S. Dogan, V. Avrutin, S.-J.
Cho, and H. Morkog, Journal of applied physics 98, 041301 (2005).

D. M. Roessler and W. C. Walker, Phys. Rev. Lett. 17, 319 (1966).
J. Chen and W. Z. Shen, Applied physics letters 83, 2154 (2003).

C. Bundesmann, A. Rahm, M. Lorenz, M. Grundmann, and M. Schubert, Journal of
applied physics 99, 113504 (2006).

E. R. Segnit and A. E. Holland, Journal of the American Ceramic Society 48, 409 (1965).

C. W. Teng, J. F. Muth, U. Ozgiir, M. J. Bergmann, H. O. Everitt, A. K. Sharma,
C. Jin, and J. Narayan, Appl. Phys. Lett 76, 979 (2000).

J. Narayan, A. K. Sharma, A. Kvit, C. Jin, J. F. Muth, and O. W. Holland, Solid state
communications 121, 9 (2002).

J. L. Morrison, J. Huso, H. Che, D. Thapa, M. Huso, M. G. Norton, and L. Bergman,
Journal of Materials Science: Materials in Electronics 23, 437 (2012).

J. D. Ye, K. W. Teoh, X. W. Sun, G. Q. Lo, D. L. Kwong, H. Zhao, S. L. Gu, R. Zhang,
Y. D. Zheng, S. A. Oh, et al., Applied Physics Letters 91, 091901 (2007).



[16]

18]

[19]

[20]

89

C. Bundesmann, M. Schubert, D. Spemann, T. Butz, M. Lorenz, E. M. Kaidashev,
M. Grundmann, N. Ashkenov, H. Neumann, and G. Wagner, Applied physics letters 81,
2376 (2002).

C. Bundesmann, M. Schubert, A. Rahm, D. Spemann, H. Hochmuth, M. Lorenz, and
M. Grundmann, Applied physics letters 85, 905 (2004).

J. F. Kong, W. Z. Shen, Y. W. Zhang, C. Yang, and X. M. Li, Applied Physics Letters
92, 191910 (2008).

D. Gammon, in Raman scattering in materials science, edited by W. H. Weber and
R. Merlin (Springer, New York, 2000), p. 109.

D. Gammon, S. W. Brown, E. S. Snow, T. A. Kennedy, D. S. Katzer, and D. Park,
Science 277, 85 (1997).

S. Hernéndez, R. Cusco, D. Pastor, L. Artus, K. P. O’Donnell, R. W. Martin, I. M.
Watson, Y. Nanishi, and E. Calleja, Journal of Applied Physics 98, 013511 (2005).

N. Wieser, O. Ambacher, H.-P. Felsl, L. Goérgens, and M. Stutzmann, Applied physics
letters 74, 3981 (1999).

V. Lemos, E. Silveira, J. R. Leite, A. Tabata, R. Trentin, L. M. R. Scolfaro, T. Frey,
D. J. As, D. Schikora, and K. Lischka, Physical review letters 84, 3666 (2000).

A. Kar, D. Alexson, M. Dutta, and M. A. Stroscio, Journal of Applied Physics 104,
073502 (2008).

D. Behr, J. Wagner, A. Ramakrishnan, H. Obloh, and K.-H. Bachem, Applied physics
letters 73, 241 (1998).

L. Bergman, M. Dutta, and R. J. Nemanich, in Raman scattering in materials science,
edited by W. H. Weber and R. Merlin (Springer, New York, 2000), p. 273.

M. Cardona, in Light scattering in solids I, edited by M. Cardona (Springer, Verlag,
New York, 1983), p. 1.

J. C. Manifacier, J. Gasiot, and J. P. Fillard, Journal of Physics E: Scientific Instruments
9, 1002 (1976).

S. Kumar, V. Gupte, and K. Sreenivas, Journal of Physics: Condensed Matter 18, 3343
(2006).



[30]

[31]

[32]

33]

90

Y. C. Liu, H. Y. Xu, R. Mu, D. O. Henderson, Y. M. Lu, J. Y. Zhang, D. Z. Shen, X. W.
Fan, and C. W. White, Applied physics letters 83, 1210 (2003).

T. Tsujibayashi, K. Toyoda, S. Sakuragi, M. Kamada, and M. Itoh, Applied physics
letters 80, 2883 (2002).

J. Tauc, in Amorphous and liquid semiconductors, edited by J. Tauc (Plenum, London,
1974), p. 159.

S. T. Tan, B. J. Chen, X. W. Sun, W. J. Fan, H. S. Kwok, X. H. Zhang, and S. J. Chua,
Journal of Applied Physics 98, 13505 (2005).

H. Che, J. Huso, J. L. Morrison, D. Thapa, M. Huso, W. J. Yeh, M. C. Tarun, M. D.
McCluskey, and L. Bergman, Journal of Nanomaterials 2012, 1 (2012).

M. Wang, E. J. Kim, S. Kim, J. S. Chung, [.-K. Yoo, E. W. Shin, S. H. Hahn, and
C. Park, Thin Solid Films 516, 1124 (2008).

R. Viswanatha, S. Chakraborty, S. Basu, and D. D. Sarma, The Journal of Physical
Chemistry B 110, 22310 (2006).

T. C. Damen, S. P. S. Porto, and B. Tell, Physical Review 142, 570 (1966).

K. Ishikawa, N. Fujima, and H. Komura, Journal of applied physics 57, 973 (1985).
R. C. C. Leite, J. F. Scott, and T. C. Damen, Physical Review Letters 22, 780 (1969).
M. V. Klein and S. P. S. Porto, Physical Review Letters 22, 782 (1969).

J. Huso, Advanced Optical Alloys: Thin Films and Phonon Properties, Ph.D. Disserta-
tion (2012).

H. Bilz and W. Kress, Phonon dispersion relations in insulators (Springer, New York,
1979).

C. Raptis, Physical Review B 33, 1350 (1986).
R. T. Harley, J. B. Page Jr, and C. T. Walker, Physical Review Letters 23, 922 (1969).

G. D. Smith, S. Firth, R. J. H. Clark, and M. Cardona, Journal of applied physics 92,
4375 (2002).



91

[46] J. Huso, H. Che, D. Thapa, A. Canul, M. D. McCluskey, and L. Bergman, Journal of
Applied Physics 117, 125702 (2015).

[47] H. von Wenckstern, R. Schmidt-Grund, C. Bundesmann, A. Miiller, C. P. Dietrich,
M. Stolzel, M. Lange, and M. Grundmann, in Handbook of Zinc Ozide and Related
Materials, edited by Z. C. Feng (Taylor and Francis/CRC Pressr, Boca Raton, FL,
2013), p. 257.



92
Chapter 5

Achieving Highly-Enhanced UV Photoluminescence and its

Origin in ZnO Nanocrystalline Films

5.1 Introduction

As discussed previously in chapter 1, ZnO is a II-VI direct wide bandgap semicon-
ductor material with bandgap value 3.37 eV! at room temperature. In recent years, it
has received a considerable attention by prospects of its applications in optoelectronic
devices due to its unique optical properties such as large exciton binding energy 60
meV? and efficient radiative recombination. Examples of some applications of ZnO in-

34 surface acoustic wave devices® transparent conductive contacts,®

clude gas sensors,
solar cells,” ultraviolet light-emitting diodes® and ultraviolet lasers.®!? Owing to its
direct wide band gap, ZnO will emit light in the UV and blue spectral range while
its large exciton binding energy will ensure an intense near bandedge excitonic emis-
sion at room and even higher temperatures. These properties render ZnO as a key
technological material in fabrication of deep UV optoelectronic devices.

In order to realize the potential applications of ZnO films, it is crucial to achieve
films with high optical quality that exhibit a strong UV luminescence. However, most
of the as-grown films, irrespective of the growth method or substrate, are commonly
observed to contain some type of native defects!! as well as structural defects. The
presence of defects can lower the UV emission efficiency and create luminescent centers
in the visible, thus limiting the applications of ZnO in optical device technologies.

Previous studies have reported that post-growth annealing treatment is an effective
approach to reduce the defect centers, resulting in the enhancement of the films’ optical
quality. 1?14, In particular, depending on annealing temperature and ambient, the post
annealing of the samples can modify or eliminate native intrinsic defects.

In an effort to achieve an effective route towards enhancement of UV photolumi-
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nescence (PL), and gain further understanding of the defect dynamics involved in the
process, this research focused on annealing studies and its impact on a wide range of
the film’s properties. Specifically, two as-grown films were subjected to annealing treat-
ment under two different atmospheres: one film was annealed in an O, environment and
the other in Ar. The scanning electron microscopy (SEM), X-ray diffraction (XRD),
and Raman scattering studies indicate significant improvement of crystal quality and
stress relaxation upon annealing. Similarly, the band-edge properties that were inves-
tigated via absorption spectroscopy and Urbach analysis indicate that the band-edge
characteristics of both annealed films exhibit improvement relative to the as-grown
film.

The native defects specific to our films were also analyzed via luminescence spec-
troscopy. It was found that the as-grown ZnO film is rich in Zn; that were annealed
out under either Ar or Oy ambient. The Oy environment was found to introduce
some O; optical centers, while the Ar annealing ambient was found to be the ideal
environment for the enhancement of the UV-light emission. The above results are dis-
cussed below in terms of the stabilities of the native defects in ZnO with respect to the
sputtering growth technique and annealing environments. Finally, the UV-PL at the
cold temperature regime was attributed to luminescent centers not associated with the
usual excitons of ZnO but rather to structural defects. At room temperature the two

emissions convolve.

5.2 Synthesis of ZnO films

Numerous methods have been reported for the fabrication of ZnO films such as
molecular beam epitaxy,? metallorganic chemical vapor deposition,® spray pyrolysis, '
pulsed laser deposition'® and magnetron sputtering.!? In the present work, DC mag-
netron sputtering has been utilized, which is considered to be relatively cost effective

and convenient due to its simple set up. As described for the growth of Mg,Zn; ,O
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alloy films in chapter 4, the sputtering chamber was evacuated to a base pressure of
1079 Torr, and deposition of the films was carried out by sputtering the Zn metal target
in an oxygen-argon gas mixture at a pressure of 11 mTorr and a delivered power of

30W. The films were grown on sapphire substrates for an hour at 250 °C.

5.3 Overview of the post annealing treatment

Post growth annealing is generally desirable in improving the structural and optical
properties of the film. The advantages of annealing include the ability of re-using the
same sample for multiple studies in different temperatures and environments. This
process is essential for the study of the evolution of defects that impact the optical
properties of the alloy, and investigations regarding the relation between the growth
temperatures and the annealing parameters are needed for the optimization of the
samples. Due to pratical reasons; the heater in the growth chamber is expensive, and
moreover the low temperature may prevent the corrosion of the chamber by the oxygen
in the plasma. In that regard, post growth annealing becomes an attractive and useful
methodology.

Upon annealing of the sample, the material from the sample tends to evaporate:
the evaporation rate is mainly temperature dependent. In practice, the vapor pressure
provides a quantitative estimate of the rate of material loss. The vapor pressure is
highly material dependent, and becomes much larger near the material’s boiling or
sublimation point, though it can be significant even below these points. We are most
often concerned about the vapor pressure of the solid phase at a temperature close to
our annealing temperature that is relevant to the creation or elimination of defects.

The concept of vapor pressure remains fairly simple as long as we are dealing with
evaporation of the material in elemental form or even in the compound as long as the
molecule exhibits a stable bond. For example, water is a compound and evaporates

as complete water molecules. Thus we may speak of the vapor pressure of water at a
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given temperature. Likewise, Zn metal evaporates Zn atoms and Mg metal evaporates
Mg atoms. In general, the higher the vapor pressure, the more evaporation takes place.

In the case of binary semiconductor, like ZnO and MgO, it is shown that upon
annealing in a given atmosphere and annealing temperature, the semiconductor will
dissociate into their constituent materials. For ZnO, it will dissociate into Zn, Os,
Zn0O, and O, while MgO will decompose into Mg, Oy, MgO, Mg, and O.'" One can
change the vapor pressure of these constituent materials by annealing in a different
atmosphere. This behavior can modify the defect dynamics by eliminating or creating

defects in the sample being annealed as discussed in section 5.5.

5.4 Annealing experiment

In order to examine the effect of post-annealing treatment on the optical and struc-
tural properties of the as-grown films, the films were annealed at 900 °C (1173 K) for
1 h each under a different atmosphere of ultra-high purity O, and Ar gases using a
Lindberg/Blue M quartz tube furnace controlled by a Yokogawa UP-150 temperature
controller, as shown in Figure 5.1 (a). The as-grown sample was placed in a cleaned
alumina boat and was inserted into the quartz tube. The inlet and the outlet gas
flexible tubes were connected via compression fittings. For Ar annealing, initially the
gas lines were purged for 10 min, setting the Ar flow-rate at 1255 cm?®/min. Then, the
Ar flow rate was reduced to 273 cm®/min and the annealing process was started. A
similar process was performed for O, with flow rates of 100 cm?/min for purging, and
50 cm?®/min during annealing. The relatively lower Oy flow rate during the annealing
was chosen in consideration of its reactive nature. The purging was done at room-
temperature. For the annealing, the program of the furnace was set with a ramp-up
and rump-down time of 30 min. The gas flow was continued during the cooling process.
The furnace program set for the annealing studies is shown in Figure 5.1(b).

Annealing at such high temperature can result the improvement in the crystal
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structure while annealing under different atmospheres can reveal the nature of defects
existing in the films based upon their changes and evolution with annealing atmosphere.
Chemical composition of the films was determined using energy dispersive X-ray spec-
troscopy (EDS). Film thickness was determined using a well-known optical interference
technique'® as described in chapter 3. Transmission measurements were performed on
the films using a 300 Cary UV-Vis transmission system in double beam mode. Photo-
luminescence (PL) studies on the films were carried out using the 325 nm line of a Xe
lamp, and 325 nm He-Cd laser as excitation sources. Raman spectra are collected using
a He-Cd laser (325 nm) as an excitation source. Structural and surface morphology
of the as-grown and annealed films were examined utilizing X ray diffraction (XRD)
measurements and scanning electron microscopy (SEM), respectively.

It is worth noting that sapphire (0001) substrates were selected as substrates in con-
trast to CaFy, used in depositing MgZnO alloy films investigated in previous chapter
4. Since ZnO and Mg,Zn;_,0O alloy films grown in this study turn out to be poly-
crystalline, substrate selection does not seem to play significant role in their structural
and optical quality. However, sapphire substrates become desirable particularly when
post annealing treatment is intended to perform on the as-grown films. As mentioned
in chapter 3, the CaFy will become non-transparent upon annealing at 800 °C, and
will interfere the optical measurements of the films. Additionally, CaF, is found to
exhibit photoluminescence (PL) emission nearly in the spectral region where in ZnO

luminescence adding complexity while studying luminescent property of ZnO via PL.
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Figure 5.1: (a) A photograph Lindberg/Blue M quartz tube furnace controlled by a
Yokogawa UP-150 temperature controller used to perform the annealing experiments

on the sputtered as-grown ZnO films. (b) The temperature program set in the furnace
to perform the annealing studies in this work.
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5.5 Results and discussion

5.5.1 Surface morphology and structural characterization of

ZnO films

Figure 5.2(a, b, c¢) presents SEM images of both the as grown and annealed films.
Under high magnification, the image of the as-grown ZnO film reveals that the film
consists of a granular morphology with significant secondary nucleation (Figure 5.2a).
In contrast, in both annealed films the grains are well defined and exhibit a much
improved morphology. No significant difference between the two annealed films is
evident from the SEM images.

In order to gain further knowledge on the structural properties of the films, XRD
studies were conducted. The XRD scans were referenced to the (0002) line of the
sapphire substrate. As can be seen in Fig. 5.3, the XRD patterns of the as-grown and
both Oy and Ar annealed ZnO films showed the (0002) wurtzite peak, indicating that
the films are preferentially orientated along the c-axis. The presence of an additional
weak diffraction peak, corresponding to (0004) wurtzite structure, in both annealed
films indicates their improved crystallinity. Moreover, the (0002) diffraction peak shows
strong enhancement in intensity in both annealed films compared to that of the as-
grown film. The full-width at half maximum (FWHM) value of the (0002) diffraction
peak was found to be ~0.80 degrees for the as grown sample, and much smaller for
both of the annealed ones: ~0.30 degrees.

The average grain size was calculated using Scherrer’s formula with the calculated
FWHM listed above. The calculation indicates that the average grain size for the as-
grown sample is ~ 11 nm, while it is ~ 31 nm for both of the annealed ones. It is
notable that these calculated values of the grain size are relatively smaller than those

presented in the SEM images. A similar observation has been reported previously
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where the grain sizes calculated using XRD measurements were found to be smaller
than the values revealed under SEM. '*"?° The underlying reasons for the smaller values
of grain size estimated from XRD has been attributed to the presence of defects, and to
the nature of the method itself.%2° Specifically, the XRD method provides preferential
information about the size of the region with highly-coherent scattering that usually

occurs in smaller regions.?!
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Figure 5.2: SEM image of ZnO films: (a) as-grown, (b) Oy annealed, and (c) Ar
annealed under low and high magnifications showing their surface morphology. In both
annealed films, the grains are well defined and exhibit much improved morphology.
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Figure 5.3: XRD diffraction patterns of ZnO films: as grown, Oy annealed, and Ar an-
nealed. An additional wurtzite (0004) peak in the annealed films indicate their improved
structure after annealing.
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5.5.2 Transmission spectra and Urbach energy analysis

Informative methods that may provide additional insight into crystal dynamics
and materials quality are transmission and absorption spectroscopes. One aspect of
absorption analysis is what is known as Urbach energy???® that yields a measure of a
semiconductor’s defects and imperfection, as discussed in the following paragraphs.

The transmission spectra acquired for the as grown and annealed ZnO films are
shown in Fig. 5.4. As can be seen in the Figure, the spectra of both annealed samples
exhibit a sharper absorption edge relative to that of the as-grown film. Furthermore,
no obvious difference can be observed between the transmission spectra characteristics
of the films annealed under either Ar or Oy ambient.

Typically, the presence of defects that include impurities and structural disorders
in thin films are known to produce the localized energy states (band tail) within the
bandgap, and a good measure of the extent of these states may be given by the Urbach
energy.?2?® The Urbach energy, Ey, can be ascertained using the well known Ur-
bach model.?> % According to the model, the absorption coefficient below the optical

bandgap follows exponential dependence with the photon energy, i.e.,
B
a(E) = CePu (5.1)

where a(E) is the absorption coefficient as a function of energy, and C' is a constant.
Fig. 5.5 presents the Urbach energy analysis for all of the samples, which yields E;
values of 85, 36, and 34 meV for the as-grown, Oy and Ar annealed films, respectively.
The significant reduction in the Urbach energy for both annealed films indicates that
a lower concentration of defects exists in these samples relative to that of the as-grown
film. As in the case of the XRD analysis, the similar values of Urbach energy of both
annealed samples imply that both annealing environments are very useful for defect

reduction in ZnO films.
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Further studies on the nature of the defects, their dynamics in the annealing process,

and their relation to

Transmission (%)

enhancement of the UV-PL, are presented in following section.
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Figure 5.4: Transmission spectra of ZnO films: as grown, Oy annealed, and Ar an-
nealed. Transmission spectra indicate the marked improvement in the band edge of

the annealed films.
interference.

The sinusoidal features at low energies are due to the thin film
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Figure 5.5: Urbach analysis for the as-grown, Ar annealed and Oy annealed ZnO films.

Urbach energy has been determined via fitting of Urbach model in the linear region
below the bandgap. The significant reductions in Urbach energy for both annealed films

indicate the lower concentration of the defects in those samples.
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5.5.3 Photoluminescence study

(a) As-grown ZnO film

The above studies indicate that both annealing processes resulted in improving the
film quality. However, these studies did not convey insight into the issue of native
defects prevalent to ZnO. It has been established that native defects in ZnO lumi-
nesce in the visible range, and that PL is a quite informative approach regarding the
identification of these defects. In most studies of ZnO, PL spectra show two emission
bands. 1132628 One of these bands, the near band edge (NBE) emission, is located near
the bandgap and lies in the ultraviolet region. Another band is located in the visible
spectral region and is generally known as the deep level emission (DLE).16:26:29:30 The
NBE emission peak is typically attributed to excitonic recombination, while the origin
of the DLE band is usually attributed to optical centers associated with impurities such
as native defects. Since the energetics of the NBE and DLE can provide two competing
routes to carrier recombination, it is usually desirable to minimize the defect centers in
order to enable the enhancement of the UV emission.®® In the following, we present a
study whereby the presence of native impurities was minimized during annealing, and
efficient UV emission is achieved.

As can be seen in Fig. 5.6(a), PL spectra of the as-grown films showed a weak
and broad PL peak extending from visible to the UV region. The deconvolution of the
spectral-line indicates that a visible emission is centered at ~2.80 eV, and the UV one
is at 3.25 eV. The UV PL is attributed to the band-edge emission in ZnO, and its
origin in our sample will be discussed further in detail in section 5.6. Hereafter, the
emission peak at ~2.80 eV will be referred to as the blue emission. As can be seen in

Fig. 5.6(a), the UV-PL intensity is relatively weak compared to the blue emission.
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Figure 5.6: Room temperature PL spectra of the ZnO films: (a) as grown film showing
two peaks at ~2.80 and 3.25 eV were obtained with a Voigt profile fitting to the exper-
imental curve. The 3.25 eV is attributed to UV band-edge emission and the 2.80 eV
is due to Zn; related defects, (b) Oy annealed film showing enhanced UV PL peak and
an Oi related peak, and (c¢) Ar annealed ZnO film showing the significantly enhanced
UV PL with a nearly quenched visible emission peak. Note that the vertical scale in
Figure 5.6 (c) is different from 5.6 (a) and 5.6 (b), showing significantly enhanced UV
PL after Ar annealing. The UV PL intensity of the Ar annealed film is about 40 times
stronger compared to that the as-grown film.
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The observed blue emission has been reported previously in ZnO films3!, micro

whiskers3?, and nanoparticles?3.

Fang et al.®' have previously investigated the blue
PL spectra, ~2.9 eV, of the sputtered ZnO films via PL and electrical measurements,
and found it to be correlated with the density of Zn; defects in the films.3! Xu et
al.3? studied, via XRD, EDS (energy dispersive X-ray spectrosocpy) and EPR (electron
paramagnetic resonance), the evolution of blue (~2.95 and 2.83 eV) and green emissions
(~2.44 eV) of ZnO microwhiskers grown by a vapor-phase transport method.?? They
have found a correlation between the evolution of visible emissions in the PL with
structural features, stoichiometry and paramagnetic defect centers. The blue and green
emissions in Xu’s study were suggested to be related to Zn; and V), respectively,
formed during growth.3?

Additionally, Zeng et al. have established that blue luminescence (~2.8-3.0 eV)
in the ZnO nanoparticles increased rapidly under low annealing temperature, and
quenched under high annealing temperature in air and Ny atmosphere.®? In their study,
the emission was discussed in terms of transition from Zn;-related defect levels to the
valence band. Kayaci et al. have confirmed the existence of Zn; related defects in ZnO
nano-structures via X-ray photoelectron spectroscopy (XPS), and attributed the blue
PL (2.83-3.10 eV) to these defects.?* Table I presents some of the relevant properties
of the native defects in ZnO.

Figure 5.7 presents a tentative energy level diagram for Zn; related defects in ZnO
which is consistent with the blue emission observed in this study. The bandgap value
of our ZnO film was determined via Tauc analysis to be ~ 3.27 eV. Taking this value
into account in conjunction with the PL value of 2.80 eV, the Zn;-related defect level
appears to lie ~0.47 eV below the conduction band. This value for the Zn; energy level

is in good agreement, up to experimental error, with the values summarized in Table

L.
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Table 5.1: Native defects of ZnO: their PL emission, energy levels, and mobility tem-
perature

PL emission Energy Levels Defect Mobility temp
Defect
in eV (values in eV) type (migration barrier)
~2.931 ~0.4 eV below CB?3¢
, - 32 35
Zn; (2.83 agi 2.95) 0.30 eV below CB . Shallow 170K 40
or ~2.8-3.0 ~0.28 eV below CB Domor 3 (0.57 eV
Zn;-related ~2.83-3.1034 ~0.15 eV below 38 '
~2.8835 CBM(+2/+1)
/9,143
91141 1.18 above VB(-/2 )39 Deep 440K 3945
O ~2.1342 1.59 above VB(-/2-) acceptor3? (1.1 eV)3?
' ~1.09 above VB37:44 P ’
0.1-0.2 above VBM(0/-1) and 40
Vin ~2.515 0.9-1.2 above VBM|(-/-2)40:45,46 aDCi‘;p oy 4(713;15;:))/1)(39
0.9 above VB (exp)?” P ’
0.5-0.8 above VBM*°
v 9 4048 1-2 below CBM(-/-2)4° Deep 673K 40
© ’ ~2.1 below CBM*7 Donor®® (2 eV%9)
(for neutral Vo)
0 1.52 above VBM (0/-1)3° Deep
Zn - 1.77 above VBM (-/-2)39 acceptor 39 )
Zno - - Donor3? -

In typical cases, the formation energy of Zn; is reported to be quite high, but
can be reduced in Zn-rich growth conditions in accordance with the reported calcu-
lations. 333849 For the study presented here, a DC sputtering technique was utilized
to grow the films, which can lead to the growth of Zn-rich films thereby favoring the
formation of Zn;-related defects in the films. The phenomenon of sputtering growth

12,21,50 and can

which results in Zn-rich films is commonly reported in the literature
be understood by noting that sputtering involves the competing processes of target
oxidation and removal of target material. To achieve growth, the target material, i.e.,

Zn, must be removed at a sufficient rate so as to prevent an oxide overcoating of the

target. However, by removing the target material at high rates, the sputtered material
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As-grown

- 2.80 eV

Ey

Figure 5.7: Schematic energy band diagram of the proposed transition mechanism for
the blue PL emission in the as grown ZnQO film. The bandgap value, 3.27 eV, was
obtained via well the known method of Tauc plot analysis. The blue PL is assigned to
the transition from Zn; related defect level to valence band, the Zn;-defect being placed
~0.47 eV below the conduction band.

may not be completely oxidized, a condition that favors Zn-rich film.

In principle, Zn-rich films may contain Zn; as well as oxygen vacancies (Vo) as
native defects. The PL of Vo was suggested to be in the green spectral-range of ~2.4 -
2.5 eV and as can be seen in Figure 5.6(a), it is not pronounced in our PL spectrum.
The latter imply that V¢ is not a dominant native impurity in the as-grown ZnO film.
It bears noting that the stability of Zn; is still an ongoing research topic; however,
several experimental results showed convincing evidence that Zn; and related defects

centers can be present in the ZnO sample. 3234

(b) Annealed ZnO films

Having examined the as-grown film, we now turn our attention to the ZnO film
annealed at 900 °C under oxygen atmosphere. As can be seen in Figure 5.6(b), the Oy
annealed films showed a much more pronounced UV emission than that of the as-grown
film. Additionally, the blue PL that was observed in the as-grown film at ~ 2.8 eV is not
detectable, and a new visible PL at ~ 2.18 eV is observed. The disappearance of blue

emission, due to Zn;-related defects, after O, annealing treatment can be understood
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in terms of the fast diffusive nature of Zn;-related defects. From density functional

calculations, Janotti et al.??

reported that the migration barrier of Zn; to be 0.57 eV,
which is considered to be relatively low. Alternatively, the mobility temperature of
these defects, which was previously found to be ~170 K (see Table 5.1), is much lower
than our annealing temperature 1173 K. In light of these properties, it is reasonable
to expect that Zn; related defects should diffuse out or incorporate into substitution
lattice sites.

The emergence of the visible emission PL ~ 2.18 eV, also known as the yellow
luminescence 425152 has been previously studied by several groups and was attributed
to oxygen interstitial (O;) defects in ZnO.414251 We surmise that annealing under O,
ambient is conducive to the formation of O; defects. The high partial pressure of
oxygen in the environment will lead to diffusion of oxygen into the lattice, resulting in
O, defects.

While the formation energy of O; defects is predicted to be high in ZnO,*3 resulting
in an expectation of minimal O; defect concentration, O; defects are also mobile above
440 K3%%(see Table 5.1). Thus the combination of high annealing temperature (1173
K) and high oxygen partial pressure creates conditions favorable for the formation of
O, defects, and also to rapid diffusion through the lattice. With regards to the bandgap
mapping this sample: theoretical calculation by Janotti et al. has previously predicted
that O; defects form a deep acceptor at 1.18 eV above the valence band.*? The bandgap
of the Oy annealed ZnO film, as was determined from Tauc analysis, is ~3.29 eV, while
the PL is at 2.18 eV: these energetics agree with a transition from the conduction band
to a state at ~1.11 eV above the valence band. Our obtained experimental value agrees
closely with the theoretical value of 1.18 eV reported by Janotti et al.*3

As is shown in Figure 5.6(c), the UV PL for the Ar annealed ZnO film is significantly
enhanced, while there is only a trace of the visible emission. This can be understood by

noting that during annealing under Ar atmosphere the Zn;-related defects residing in
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the as-grown film will be eliminated. This dynamic is similar to that discussed for the
case of the Oy annealed sample, i.e., the low mobility temperature and low migration
barrier of the Zn;-related defects will cause out-diffusion or lattice incorporation of
these defects. Additionally, Ar is a non-reactive atmosphere, and thus no new defects
should be introduced. The key point is that the UV PL intensity of the Ar annealed film
is about 40 times stronger compared to that of the as-grown film. The enhancement
of the UV luminescence is attributed to the elimination of the competing routes to the

UV light emission due to the defects.

5.5.4 Raman study on as-grown and annealed ZnO film

As can be seen in the SEM images, the morphology of both annealed samples was
significantly improved relative to that of the as-grown sample. Also it is expected that
annealing will relax the stress state of a sample. In general, Raman scattering was
proven to be a highly sensitive spectroscopy, enabling the assessment of a material’s
internal stress via the frequency shift of a particular Raman mode. In the following we
present Raman analysis of the three ZnO samples. The Raman spectra were acquired
in a back scattering geometry utilizing the 325 nm (3.81 eV) HeCd laser line. The
experimental error is ~ £ 1 cm™!. Since that excitation energy is close to the bandgap
of ZnO, resonant Raman scattering occurs resulting in enhanced LO mode®.

Fig. 5.8 presents the Raman spectra of the films. As can be seen in the figure,
the LO-mode exhibits a systematic shift towards the lower frequency, starting at 578
ecm ™! for the as-grown sample, then 575 cm ™! for the oxygen annealed, and 573 cm™*
for the argon annealed sample; i.e., a total shift of ~5 cm™!. The shift towards the
lower frequency may be suggestive of a relaxation of intrinsic compressive stress. The
pressure coefficient (g—lﬁ) for the LO-mode in ZnO (where w is the phonon frequency)

54,55.

was found previously to be in the range of ~4.14-4.56 cm ™! /GPa ; a similar pressure

coefficient, ~4.9 cm™!/GPa, was obtained by our group for the case of ZnO doped with
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a small percentage of Mg®®. Since the observed Raman shift is ~5 cm™!, a relaxation
of ~1 GPa took place upon annealing. Furthermore, this relaxed stress of ~1 GPa is
comparable to those obtained previously via XRD and curvature measurement studies
of ZnO thin films grown via the sputtering method.?”*® The compressive stress in our
samples can be attributed to structural defects and Zn aggregation, both of which were
significantly reduced during the annealing process. In addition, the Raman linewidth of
the films shows narrowing upon annealing, as is indicated in Figure 5.8. The narrowing
may be attributed to the increase in the phonon lifetime, which is a result of the

improved crystallinity of both annealed films.
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Figure 5.8: Raman spectra of ZnO films: as grown, Oy annealed and Ar annealed.
Smaller FWHM of Raman first order LO mode in annealed films indicate their improved
crystallinity. The shift of Raman phonon mode towards the lower frequency may suggest
the relazation of intrinsic compressive stress.
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5.6 Low temperature PL measurement: Origin of UV PL

Having found that Ar annealing generates the highest UV emission intensity, we
next investigate its actual origin. Fig. 5.9 presents the PL spectrum at 77 K for the
Ar annealed ZnO film along with that of ZnO nanocrystals reported in our previous
work.® Additionally, the cold temperature PL spectrum of ZnO single crystal is also
included as a reference.

As can be seen in Fig. 5.9, the PL spectrum of the single crystal ZnO consists
of two main spectral lines at 3.362 and 3.376 eV. These two PL emissions have been
extensively studied by various groups, and have been assigned to a neutral donor-
bound exciton D°X and the A-exciton X, respectively.®®% As shown in Fig. 5.9, in the
spectrum of Ar annealed sample, the D°X and the A-exciton are present at nearly at
the same energies as those of the single crystal. A key finding is that in addition to
two excitonic emission lines, the PL of ZnO film exhibits a strong line at ~ 3.314 eV,
referred to as the e-PL, which is red shifted by ~ 58 meV from the A-exciton. The
g-emission was previously found by us to be the dominant PL in ZnO nanocrystals
of size ~ 40 nm, and was attributed to structural defects.®® The ZnO nanocrystals
were grown via a chemical approach, while the films were deposited via a sputtering
technique; both methods resulted in a nano-scale granular morphology which seems to
be the reason for the onset of the specific UV luminescence.

In order to get further insight about e-PL emission peak, temperature dependent PL
measurements were performed starting from 83 K to room temperature and presented
in Figure 5.10 (a) and (b). At lower temp. e-PL appears to dominate the spectra while
at room temperature the bandedge PL of the film becomes the convolution of the e-PL

with that of the exciton peaks.
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Figure 5.9: The PL spectra at 77 K of ZnO samples (lower three traces): single crystal,
nanocrystals, and Ar annealed film. The single crystal spectrum exhibits the usual ZnO
excitons: the bound exciton D°X ~83.362 eV, and the free A-exciton X ~3.376 eV.
The peaks observed for the Ar annealed film exhibit the ZnO excitons and an additional
peak, e-PL, related to structural defects. The nanocrystals have a similar PL spectrum
to that of the film. The phonon replicas are at the lower energy range. The spectrum
for the nanocrystals is from Ref. 59.



PL intensity (A.U)

PL intensity (A.U)

po e RN B FEEE
3.15 3.25 3.35

Energy (eV)

345

116

Figure 5.10: Temperature dependent PL spectra of Ar annealed film at the temperature
range (a) 83-128 K (b) 188-263 K. At lower temperature the - dominates the spectra
while at higher temperature the spectra becomes convolved with - and free excitonic

emaission.
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A discussion follows concerning the impact of the choice of substrates on the op-
tical properties. The research of our group focuses on semiconductors with extreme
bandgaps that include ZnO-based alloys such as Mg, 7Zn;_,O. The bandgaps of these al-
loys span a large UV range of ~ 3.3—6 eV.?? In order to ensure the transparency of the
film /substrate product, as is desirable for some technological applications, substrates
with a wide-bandgap are chosen. In this research, two-side polished c-face sapphire
substrates were used. The bandgap of a single-crystal sapphire is ~8.8 eV%! which
makes it optically compatible to the Mg,Zn;_,O films. The other substrate that we
commonly use, due to its UV compatibility, is quartz with a reported bandgap ~8.9
eV.62

Our ongoing research did not find a significant difference among the optical prop-
erties of the films using either sapphire or quartz as a substrate. Fig. 5.11 presents the
PL spectra of as-grown ZnO film and that of the Ar annealed film grown on quartz.
As can be seen in the figure, the PL characteristics of the as-grown film and that of the
Ar annealed are very similar to those of the ZnO grown on sapphire substrate (see Fig.
5.6(a), (¢)); an enhancement, of ~ 35-times, for the UV emission was achieved. Future
research will address additional substrates of relevance to opto-electronic technologies,

such as silicon and GaN.
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Figure 5.11: Room temperature PL spectra of the film grown on quartz substrate (a)
as-grown film (b) the Ar annealed film.
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5.7 Conclusion

In this chapter, we investigated the defect dynamics and optical properties of of
ZnO sputtered films via post growth annealing under each Ar and Os environments,
with XRD, imaging, transmission, Urbach analysis, Raman scattering, and photolumi-

nescence (PL). The key result of our work presented in this chapter is:

After annealing in either environment, the 2.8 eV emission center ob-
served in the as-grown ZnO film was diminished, accompanied by morphol-
ogy improvement, and the desirable UV-PL significantly increased. The O,
ambient was found to introduce nominal O, centers while the Ar ambient
was found to be the ideal environment for the enhancement of the UV-light
emission: an enhancement of ~ 40 times was achieved. The increase in the
UV-PL is attributed to the reduction of Zn;-related defects, the presence
of which in ZnO provides a competing route to the UV emission. Also the
enhanced PL was found to correlate with the improved morphology of the
film upon annealing.

Some other additional important results obtained via different measurements tech-

niques are summarized as follows:

® The energy band diagram and mapping for the as-grown and O, annealed samples
that were ascertained via PL and Tauc plots were found to be consistent with

theoretical predictions and previous experimental studies for the energy levels of

Zn; and O;.

® The imaging, XRD, Raman and Urbach analyses indicate significant improve-
ment in crystal morphology and band-edge characteristics upon annealing. These

improvements were found to be independent of the annealing environment.
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® The Raman linewidth of both annealed samples are similar. They are smaller
than that of the as-grown sample, indicating a similar extent of improvement of

the crystal structure in either annealing environment.

® Based on the frequency shift, the stress relaxation of ~ 1 GPa is estimated upon

annealing.

e Finally, the UV-PL at the cold temperature regime was attributed to luminescent
centers not associated with the usual excitons of ZnO, but rather to structural

defects. At room temperature the two emissions convolve.
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Chapter 6

UV-Luminescent MgZnO Semiconductor Alloys:

Nanostructure and Optical Properties

6.1 Introduction

As discussed in chapter 1, the Mg,Zn;_,O alloy has become a highly desirable
material in UV optoelectronics. To successfully utilize this alloy system for device
application, it becomes crucial to optimize their UV luminescent properties. Particu-
larly, a strong UV luminescence is highly desirable for their uses in device applications.
However, the as-grown Mg,7Zn;_,O alloy generally contains large number of defects, in
the presence of which, the UV-PL emission is highly diminished. Unlike in ZnO films,
in which native and structural defects are prevalent (chapter 5), the alloy system may
exhibit some additional form of defects which can impact the alloy’s optical properties.

These additional defects inherent to our alloy system are as follows:

® Phase segregation of cubic and wurtzite structure: as we discussed in chapter 4,
for a certain range of Mg composition, sputtered Mg,Zn;_,O alloy films exhibit a
phase segregation region in which the wurtzite as well as cubic phase may coexist.
Thus, in the phase segregation range, the alloy usually emits two relatively weak
UV-PL lines corresponding to the two different phases. Additionally, in such

case, the absorption edge becomes broadened.

® Fluctuations, i.e. inhomogeneity in alloy composition: For example, the alloy
can be in a single wurtzite phase, however, some domains are more Zn-rich than
others. In this case, as will be discussed in section 6.4, the luminescence can

exhibit two or multiple lines reflecting the fluctuation in the alloy composition.

In this chapter, since our focus is on optimization of the optical properties of the

alloy film with a smaller Mg composition (17 at.%), the phase segregation may not
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be an issue. Thus, in this section we will mainly investigate the possible role of other
defects such as alloy fluctuation, structural defects and native defects on the alloy’s
optical properties.

In our effort to optimize the optical properties of Mgg 177Zng g30 alloy films that were
grown by a reactive DC magnetron sputtering technique, we performed a post growth
annealing treatment under Ar atmosphere. As-grown and Argon annealed samples
were studied via scanning electron microscopy (SEM), X-ray diffraction (XRD), atomic
force microscopy (AFM), transmission, photoluminescence (PL), and micro-Raman
scattering. The as-grown alloy was found to be segregated into Zn-rich and Mg-rich
domains, had poor morphology, and exhibited defect-related PL in the visible range
while the UV-PL was weak. Annealing at 900 °C under Argon atmosphere was found
to significantly improve the nanostructure, solubility, and optical properties of the
alloy, specifically that of the desired UV luminescence. Moreover, the inherent internal

compressive stress in the nanocrystalline film was found to relax upon annealing.

6.2 Synthesis and annealing of the Mg,Zn; ,O alloy films

Mgo.17Zn( 530 alloy films were grown by reactive DC magnetron sputtering using
custom Zn Mg targets (99.99%) with 30W of power and (0001) sapphire substrates.
In this paper we will refer to the alloys as MgZnO. The chamber was evacuated to
a base pressure of 107¢ Torr before growth. A total working chamber pressure of 11
mTorr was used, with high purity Ar as the working gas and high purity O, as the
reactive gas. The gas flow was held constant throughout the experiment using MKS
p4b mass flow controllers. The substrates were held at a constant temperature of 250
°C throughout growth. The thickness of the films were ~ 350 nm.

The photoluminescence experiments were carried out using a JY-Horiba Fluorolog-
3 spectrometer with an excitation source of a Xe lamp. The cold temperature, 77 K,

Raman and PL measurements were performed utilizing a Jobin Yvon T64000 micro
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Raman and PL system in conjunction with an Instec 621 V microcell customized for
UV measurements. The transmission spectra were collected at room temperature us-
ing an Agilent Cary 300 spectrophotometer operating in double beam mode to remove
substrate effects. The film composition was determined to be ~ 17% Mg by energy dis-
persive X-ray spectroscopy (EDS). The surface morphology of the films was examined
utilizing SEM. The structural properties of the films were determined by XRD using
a Siemens Diffractometer D5000 with the CuKal line operating in 2 theta mode.

For post annealing experiment, two as-grown samples were annealed for 1 hour
under flowing, high purity Ar gas: one at 750 °C and another at 900 °C. The an-
nealing experiments were performed utilizing a Lindberg/Blue M quartz tube furnace
controlled by a Yokogawa UP-150 temperature controller. The as-grown sample was
placed in a cleaned alumina boat and was inserted into the quartz tube. The inlet
and the outlet gas flexible-tubes were connected via compression fittings. Initially the
gas lines were purged at room-temperature for 10 minutes, setting the Ar flow-rate at
1255 cm?/min. Subsequently, the Ar flow rate was reduced to 273 cm?®/min and the

annealing process was started.

6.3 Results and discussion

6.3.1 SEM and XRD: morphology related studies

The surface morphology of the as-grown and the two Ar annealed films were studied
via SEM, and representative images are presented in Figure 6.1 (b, ¢, d). For com-
parison purposes an image of an as-grown ZnO film is also included (Figure 6.1(a)).
As can be seen in Figure 6.1(b), the as-grown MgZnO film displays a rough granular
morphology with small grains of size ~ 10 nm, which is much smaller than that of the
as-grown ZnO ~ 100 nm. The reduced grain size in MgZnO alloy films has been previ-

ously observed.!? The XRD of the alloy films is presented in Figure 6.2, indicating the
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preferential c-axis orientation of the wurtzite structure and a successive improvement
of material quality upon annealing.

As will be discussed in a later section, the PL spectrum of the as-grown MgZnO
film exhibits two peaks in the UV region, as can be seen in Figure 6.7. One peak is
at 3.25 eV, attributed to Zn-rich domains, and the other is at 3.50 eV, attributed to
Mg-rich domains, implying that the MgZnO is not fully alloyed. Due to the incomplete
alloyed nature of the as-grown film, it is reasonable to assume that some of the MgO is
in aggregate form in the grain boundaries. It has been previously reported that MgO
in alumina ceramics acts as a grain size suppressor via the solute drag mechanism.?
This mechanism involves the segregation of solute material to a grain boundary, which
impedes grain boundary motion resulting in small grains. Similar behavior of grain
growth impediment due to MgO has been also observed and analyzed for ZnO and
Zn0-V205 varistors doped with Mg.* In these studies, an inverse correlation was
found between the mole percent of the MgO to the grain size: the higher the percent the
smaller the grain size.*® The effect of MgO on the films microstructure may explain the
difference in the grain size between the as-grown MgZnO and the ZnO films observed
in our study.

Upon annealing at 750 °C, the smaller grains in that sample appear to agglomerate
forming coarse clusters of grains (Figure 6.1 ¢). During annealing at this tempera-
ture, intermixing between the Zn-rich and Mg-rich wurtzite phase is initiated, and the
MgO aggregates in the grain boundary may incorporate into the grains. The onset of
the alloying process is further evidenced from the observed single broad UV-PL peak
(Figure 6.7) and the relatively improved XRD. In a previous study by our group on
Mgo.10Zng.90O ceramic, an onset of alloying was found to take place ~ 800-900 °C,
which concurs with the present results.® Additionally, in MgZnO thin film grown via
pulse laser deposition (PLD), it was reported that a temperature ~ 850 °C was required

for the thermal diffusion of Mg to create the alloy.”
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In contrast to the morphology of the as-grown, the image of the 900 °C annealed
film presented in Figure 6.1 d shows an improved morphology with larger well-defined
and smooth grains. To gain further knowledge on the surface morphology of the 900 °C,
annealed alloy, AFM analysis was conducted, and its result is presented in Figure 6.3.
As can be seen in the AFM images, the granular surface has a smoothness of only a few
nano-meters: the height profile analysis indicated that the average surface roughness
is ~8.5 nm (with RMS value ~1.6 nm). This surface quality may be understood in
terms of the lateral growth of the grains in the annealed film. Figure 6.3c displays
the height profile analysis performed along the line indicated in Figure 6.3a; and the
average surface roughness is found to be ~ 8.5 nm (with RMS value ~ 1.6 nm). This
surface quality may be understood in terms of the lateral growth of the grains in the
annealed film. After annealing at 900 °C, the MgZnO film is expected to be fully
alloyed, an assertion which is also supported by the significantly enhanced UV-PL
peak 3.45 eV (Figure 6.7) and by the significantly improved XRD peak as can be seen
in Figure 6.2. The rather smooth and lateral surface morphology can be understood
in terms of the suppression of c-axis due to the addition of the MgO with rock salt
structure. Similar results to ours have been reported previously for MgZnO film grown
via Magnetron co-sputtering.® Also, in sol-gel MgZnO films, the addition of Mg was

reported to markedly improve the surface flatness of the films.*
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100 nm

20 nm

Figure 6.1: Figure 1. The SEM images of: (a) ZnO as-grown film, (b) MgZnO as-
grown, (¢) MgZnO 750 °C, annealed, and (d) MgZnO 900 °C, annealed. The magnifi-
cation of the SEM is 180 kX.
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Figure 6.2: XRD spectra of the MgZnO films: as-grown, and that of both annealed
samples.
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(d)

Figure 6.3: AFM images of the 900 °C, annealed MgZnQO: (a) A top view image, and
(b) a side view: both images show an area ~ 700 nm x 700 nm.,(c) The height profile

extracted from the line in the upper figure; the scale of the axis is in nm. (d) A zoomed-
m area 200 nm x 200 nm.



135

6.3.2 Bandgap properties: transmission and Urbach analysis

Transmission spectroscopy may yield valuable information regarding the electronic
structure of a semiconductor including its bandgap energy and the extent of the in-gap
defect states. The bandgap energy can be ascertained via Tauc analysis, while the
in-gap properties can be studied via Urbach analysis.?1® These two methods are well-
established and commonly used for the investigation of semiconductor properties. 113
Figure 6.4 presents the transmission spectra of the as-grown and the two annealed
samples; while Figure 6.5 depicts the Tauc analysis for the MgZnO samples and that
for an annealed ZnO sample. As indicated in Figure 6.5, the bandgap of the three
alloys are very similar ~ 3.5 eV, while that of ZnO is at 3.29 eV; a bandgap shift of ~
200 meV was achieved via alloying.

Typically, the presence of defects in a semiconductor alloy that include impurities,
structural disorders, and alloy compositional fluctuations as well as phase segregation,
are known to produce localized energy states (band tail) within the bandgap. A good
measure of the extent of these states may be given by the Urbach energy, Ey.141°
According to the Urbach model, the absorption coefficient below the optical bandgap
follows exponential dependence with the photon energy, a(FE) = C’e%, where C is
a constant, «a(FE) is the absorption coefficient as a function of energy, which can be
extracted utilizing transmission spectra via the relation a = —l"TT, t being the thickness
of the film. Figure 6.6 presents the Urbach analysis for the alloys, which yields Ey;
values of 97 meV for the as-grown film, 52 meV for the 750 °C annealed film, and 45
meV for the 900 °C annealed film, respectively.

The gradual reduction in the Urbach energy of the films as a function of annealing
temperature implies the trend of defect elimination. One type of defect is the morphol-

ogy of the film. As is evident from the SEM and the XRD analyses discussed above,

the film morphology was step-wise improved, starting as a degraded morphology for
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the as-grown film and improving as a function of annealing temperature. Another
type of defect of impact that will be discussed in detail in the following section is
the domain segregation in the alloy, which was significantly reduced upon increasing

annealing temperature.

1
E
I Aranneal
900 C
0.8 -
Ar anneal
750 C 1
= III
L 06 F {
th |
. i 1
E I ;E'ls-gr|::1u|'..'r'||l
g 1
® 04| 1
=
2 L
0.2
0 1oy Cye—e——
2.8 3z 36 4
Energy (eV)

Figure 6.4: The transmission spectra of the three MgZnO films. Both annealed films
exhibits sharp bandedge.
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Figure 6.5: The Tauc plots for the determination of the bandgaps. The as-grown alloy
has a bandgap of 3.52 eV, that of the 750 °C annealed film is 3.51 eV, and for the 900
°C annealed film is 3.49 eV. The bandgap of the ZnO Argon annealed is 3.29 eV. A
shift of ~0.2 eV was achieved via alloying.
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Figure 6.6: The Urbach energy analysis. Urbach energy is 97 meV for the as-grown
film, 52 meV for the 750 °C annealed film, and 45 meV for the 900 °C annealed film.
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6.3.3 Photoluminescence: from the visible to the UV range

of the spectrum

As can be seen in Figure 6.7, the visible PL of the as-grown sample exhibits a
broad PL centered at ~ 2.3 eV. Such visible PL. has been observed and studied by
several groups in ZnO material. ''7 The general consensus is that a visible PL in the
range of 2.3 eV-2.4 eV, referred to as the green PL, is mainly due to oxygen vacancy
(Vo) native defects in ZnO.1%!® Since our alloy has relatively low Mg composition,
one may expect that its green PL is in a similar energy range as that of ZnO. Further
insight into the origin of the green PL of MgZnO can be inferred from the annealing
studies. Figure 6.7 indicates that upon annealing at 750 °C and 900 °C the green
PL at ~ 2.3 eV was significantly diminished, and a weak PL at~ 2.18 eV appeared.
This is in contrast with previous studies that have shown that annealing in reduction
atmospheres, such as No:Hy, and argon gases, has the tendency to increase the green
PL.16:1¥ Additionally, studies via XRD and resistivity of annealed ZnO have indicated
the loss of oxygen due to evaporation, which in turn resulted in the creation of V.

Another important factor to consider in order to understand the origin of the green
PL with relation to Vg in the MgZnO, is the issue of the formation energy of vacancies.
Density functional calculations found that the vacancy formation energy of oxygen in
Zn0 is 7.01 eV, while in MgO it is much higher at 10.08 eV.?° This implies that in
MgZnO, due to the presence of Mg ions, the creation of Vo should be less thermody-
namically favorable than in ZnO. There are emerging reports that MgZnO might be a
viable component in ZnO-based transistor technology due to its lower V¢ defects that
may improve device performance.?"?? In light of the above discussion we suggest that
the 2.3 eV emission in our MgZnO is not due to V. Previous work by Trunk et al.
on Mg,7Zn;_,O films grown by metal-organic vapor phase epitaxy have suggested that

the PL at ~2.30 eV is due to transitions that involve intrinsic shallow donors to deep
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acceptors.?? Such transitions can occur between Zn; to O; energy levels, and possibly
Mg; to O;.2% As is discussed below, our annealing experiments support this assertion.

As can be seen in Figure 6.7, the 2.3 eV PL-band was almost entirely diminished
after the annealing procedure, indicating the removal of some of its related native
defects. It is expected that during annealing under Ar atmosphere, most interstitial
defects diffuse out or incorporate into the lattice sites. While the migration barrier
for Zn; in Mg,Zn;_,0 is not currently available, the low migration barrier for Zn; in
ZnO0?*+26 suggests that any Zn; related defects will diffuse out rapidly upon annealing
of the alloy. From density functional calculations, Janotti et al. reported the migration
barrier of Zn; to be 0.57 eV, which is considered to be relatively low.?* Alternatively,
the mobility temperature of these defects, which was previously found to be ~170 K?7,
is significantly lower than our annealing temperature range at 1173 K and 1023 K (for
further discussion on the stability of Zn; in our samples see ref. 28). In light of these
properties, it is reasonable to expect that Zn; related defects should be eliminated by
out- diffusion as well as via incorporation into substitution lattice sites, thus diminish-
ing the 2.3 eV PL emission. Our previous work on MgZnO ceramics found that the
onset of Mg diffusion is ~ 800 °C to 900 °C,° a similar diffusion temperature was found
for MgZnO films grown via pulsed laser deposition.” These findings may imply that
Mg atoms, via annealing as in the case of Zn;, may be removed from their interstitial
sites into lattice substitutions or out-diffused, thus diminishing the radiative recombi-
nation of the 2.3 eV. With regard to the relative weak PL at 2.18 eV that appears upon
annealing (see Figure 6.7), tentatively we associate it with the small concentration of

vacancies-type defects that were created during the anneal process.
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Figure 6.7: The PL spectra of the three alloys acquired at room-temperature. The as-
grown exhibit visible PL at ~ 2.30 eV and two UV-emissions, one at 3.25 eV attributed
to segregation of Zn rich domains, and the other at 3.50 eV due to Mg-rich domains.
The UV-PL of the 750 °C, annealed film is a broad linewidth ~ 192 meV attributed to
a residual segregation. The UV-PL properties of the 900 °C, is significantly improved:
it has enhanced intensity ~ 4 times that of the 750 °C, annealed film, and a narrower
linewidth ~ 163 meV.
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6.3.4 Improved solubility of MgZnO alloy film

One of the key desirable features among the optical properties of MgZnO alloys is
their bandedge UV luminescence capability. In has been previously demonstrated that
the UV-PL of ZnO can be profoundly enhanced via annealing.?® Less work has been
done regarding this topic for MgZnO alloys.??3° Figure 6.7 demonstrates the impact of
annealing on the UV emission of our MgZnO films. As can be seen in Figure 6.7, the
effect of annealing at the two elevated temperatures is the diminishing of the doublet
peaks one at 3.25 eV, attributed to Zn rich domains in the MgZnO alloy, and the
other at 3.5 eV attributed to Mg-rich domains. The annealing temperatures of 750
°C, and 900 °C, are well within the range of Mg and Zn thermal diffusions®?, which
facilitates an improved mixing of the alloy constituents. The PL line width of the
750 °C, annealed sample ~ 192 meV is considered to be quite broad, reflecting the
existence of residual segregation. The narrowing of the line to ~ 163 meV for the 900
°C, annealed film indicates the improved solubility of this sample.

The other optical impact of annealing, as was discussed above, is the reduction
of native defects that luminescence at ~ 2.3 eV. This defect reduction may eliminate
a competing route to the UV luminescence in the MgZnO bandgap contributing the
efficiency of the bandedge UV luminescence. The fact that the major native defect
contributing luminescence at 2.3 eV was diminished significantly during the 750 °C,
annealing as well as during the 900 °C, annealing; however, only the 900 °C, annealed
sample exhibits enhanced UV luminescence that correlates well with its good structural
morphology and its homogenity of alloy mixing. Thus, for the 900 °C, annealed film,
the significant enhancement of the UV-PL relative to that of the as grown film is mainly
assigned to the combined effect of being a more complete soluble alloy, an improved
morphology. It bears noting that annealing of MgZnO at much higher temperatures

may not be a stable route for optimizing the optical properties of the alloy. The high
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vapor pressure of Zn may cause its out-diffusion, changing the composition of a given
alloy to become a more Mg-rich.3!

The impact of a random distribution of the atomic constituents in ternary semi-
conductor alloys is to broaden the PL linewidth significantly relative to that of the
pure end-members. This is a well-known phenomenon, referred to as the alloy or inho-
mogeneous broadening, which takes place even in high-quality epitaxial films such as
Al,Ga;_,As, and is due to fluctuation in the distribution of the substitution atoms, Zn
and Mg in our case.?? Figure 6.8 presents the PL at 77 K of annealed MgZnO and that
of annealed ZnO films. Both samples have similar granular morphology. The UV-PL
of the ZnO shows the expected emissions of the excitons and the emission which is
characteristic to nanocrystalline-type ZnO studied previously in our papers.?®33 The
key issue is that in contrast to the ZnO, the PL of the MgZnO is featureless and broad
with a linewidth ~ 88 meV. This implies that even at the relatively low Mg composi-

tion ~ 17% the impact of the inherent alloy random distribution is quite significant.
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Figure 6.8: The 77 K UV-PL spectrum of the MgZnO 900 °C, annealed film. For
comparison, the PL of a ZnO film is included that indicates its emission characteristics:
excitons at the high energy range, € — emission at 3.314 eV, and phonon replicas at
the lower energy range. The PL of the alloy exhibits broadening, attributed to the
random distribution of the atomic Mg and Zn substitution atoms which masks the fine
structure of the luminescence. The fit to the data shows the main PL at 3.517 eV, and
its phonon-replica.
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6.3.5 Raman scattering and internal stress in the film

In addition to improved solubility and optical properties, annealing is also expected
to relax the internal stress in the films. In general, Raman scattering has proven to be a
highly sensitive spectroscopy, enabling the assessment of a material’s internal stress via
the frequency shift of a particular Raman mode. In our experiments, Raman spectra
were acquired in a back scattering geometry at 77 K utilizing the 325 nm (3.81 eV)

HeCd laser line. The experimental error is ~ 1 cm™!.

Since that excitation energy
is close to the bandgap of the MgZnQO, resonant Raman scattering occurs, resulting
in enhanced LO-mode.3* Figure 6.9 presents the Raman spectra of the two samples
of interest: the as-grown as a reference, and that of the 900 °C, annealed films. As
can be seen in Figure 6.9, the LO-mode exhibits a shift towards the lower frequency:
it is at 611 cm™! for the as-grown sample, and 602 cm™! for the annealed one; i.e., a
total shift of ~ 9 cm™!. The shift towards the lower frequency may be suggestive of a
relaxation of intrinsic compressive stress.

The pressure coefficient (g—l“;) for the LO-mode in Mgy 2ZngsO (where w is the
phonon frequency) was obtained previously by our group to be ~ 4.9 cm™!/GPa.?

1 arelaxation of ~ 1.8 GPa took place upon

Since the observed Raman shift is ~ 9 cm™
annealing. Furthermore, this relaxed stress of ~ 1.8 GPa is comparable to those ob-
tained previously via XRD and curvature measurement studies of ZnO thin films grown
via the sputtering method.3%37 Additionally, in our previous study of ZnO nanocrys-
talline films grown via the sputtering technique, Raman analysis has indicated a similar
relaxation upon annealing of ~ 1 GPa? Thus, the compressive stress in our as-grown
MgZnO sample can be attributed mainly to morphology, and to some extent to defect
aggregations, both of which were significantly reduced during the annealing process.

The deconvolution of the Raman peak indicates that in addition to the principle

Raman line, a broad peak at lower energy phonon scattering is present, as can be seen
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in Figure 6.9. Our previous study of LO-phonon dynamics in Mgq 29Zng 0O nanoalloys
has concluded that the principle mechanism that activates such low frequency mode is
scattering due to a disorder state of the nanoalloys as is expected in random type alloy

distribution.3®
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Figure 6.9: The 77 K Raman spectra of the LO mode of the as-grown alloy and that
of the 900 °C, annealed sample. The ~9 em™' Raman shift between the two spectra is
attributed to stress relaxation initiated by the high-temperature annealing.
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6.4 Conclusions

In this chapter, we presented the studies on the material and optical properties of

wurtzite Mgg 17719 30 alloy films utilizing various techniques. The main finding of our
work presented in this chapter is:
The UV luminescence of the alloy film was found to be impacted by two
major defects: the extent of the mixing i.e., the homogeneity of the alloy
and the film’s morphology. Specifically, for the 900 °C annealed alloy film,
the significant enhancement of the UV-PL relative to that of the as grown
film was assigned to a combined effect of being a more complete soluble
alloy, and an improved morphology.

Some of the other important results in this chapter are summarized as follows:

® The as-grown alloy was found to exhibit the incomplete alloy with the Zn-rich
and Mg-rich segregated domains. Additionally, the as-grown alloy film displayed
a degraded morphology, and was found to have a weak UV-PL accompanied with

a pronounced visible PL at 2.30 eV.

® Annealing at 750 °C and 900 °C under Argon atmosphere improved the overall
structural and optical properties of the alloys. Annealing under Ar enviroment
at 750 °C led the onset of the alloying process between the Zn-rich and Mg-rich
wurtzite phase resulting in the single broad UV-PL peak in the PL spectrum and

the relatively improved XRD.

® The native defects responsible for 2.30 eV emission was found to largely diminish
during the 750 °C annealing as well as during the 900 °C; however the 900 °C
annealed samples exhibits enhanced UV luminescence that correlates well with

its good structural morphology and its homogeneity of alloy mixing.

® The larger PL. width of 750 °C annealed sample ~ 192 was attributed due to
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the effect of residual domain segregation of the alloy film while the relatively
broader linewidth of UV-PL of the 900 °C alloy film relative to that of ZnO was

attributed to the random nature of the alloy distribution at the atomic scale.

® A compressive stress relaxation of ~ 1.8 GPa was found to take place upon

annealing.
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Chapter 7

Main conclusion

The focus of this dissertation was to investigate the optical and material proper-
ties of the wide bandgap semiconductors: ZnO and Mg,Zn;_,O alloy films grown via
sputtering technique. The films were studied utilizing XRD, imaging and several op-
tical spectroscopic techniques, including transmission, photoluminescence, and Raman
spectroscopy. The key aspects of our investigation include: a realization of bandgap
engineering, study of phase segregation and structural in inhomogeneity inherent to
the alloy films, and UV luminescent properties of ZnO and Mg,Zn;_,O alloy films.

This chapter will summarize some of the important results of this work.

Major results

1. Bandgap engineering via the synthesis of Mg,Zn; ,O films
Mg,Zn;_,O films over a wide range of Mg composition (0 < z < 0.78) were syn-
thesized via sputtering. The bandgaps of the alloy films were determined utilizing
derivative and Tauc plot methods. The bandgaps of the Mg,Zn;_,O alloy films were
found to span the UV range of 3.4-5.85 eV. Additionally, the transmission spectra of
the Mg,Zn;_,0O films were found to be broadened with the increasing Mg content, and
the underlying mechanisms for this behavior were attributed to the inherent struc-
tural imperfection, and alloy inhomogeneities of the films with increasing Mg content.
Specifically for the ZnO and Mgq 17Zn( g30 films, the bandedge behavior were analyzed

via Urbach analysis.

2. Structural inhomogeneities embeded in Mg,Zn; ,O alloy

films

The issue of phase segregation, inherent to the Mg,Zn;_,O alloy system, was inves-
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tigated via SRRS. Via this technique, the phase segregation of the studied alloy system
was found to be approximately 35-65 at% of Mg composition. We also demonstrated
that SRRS was a highly sensitive and very useful technique in probing the minority
phases in a size regime too small to be detected by XRD. Thus, via SRRS, we managed

to achieve a refined range for the phase segregation, inherent to the Mg,Zn;_,O.

3. Defect dynamics and an enhanced UV-PL of ZnO films

The defects dynamics and UV luminescent properties of the sputtered ZnO films
were analyzed via luminescence spectroscopy. The as-grown films were found to exhibit
relatively a weak UV-PL ~ 3.25 eV, and an additional pronounced visible PL at ~ 2.8
eV attributed to Zn;-related defects. Their presence was attributed to the nature of
the sputtering growth technique which supports Zn-rich growth conditions.

After annealing under each Ar and O, environment at a high annealing temperature
at 900 °C, the 2.8 eV center appeared for the as-grown films were diminished accompa-
nied by morphology improvement, and the desirable UV-PL was significantly enhanced.
The Oy ambient was found to introduce nominal O; centers while the Ar ambient was
turned out to be the ideal environment for the enhancement of the UV-light emission:
an enhancement of ~ 40 times was achieved. The significant enhancement in the UV-
PL was attributed to the reduction of Zn;-related defects, the presence of which in ZnO
provides a competing route to the UV emission. Additionally, the enhanced UV-PL

in the annealed films were found to correlate with the improved morphology of the films.

4. Optimization of the optical and material properties of MgZnQO
films

In an effort to optimize the optical properties such as UV luminescence, band-
edge properties of the Mg,Zn;_,O alloy film, we investigated the optical and material

properties of the Mg 17Zng 830 nanocrystalline film utilizing different techniques. The
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as-grown nanocrystalline alloy film was found to exhibit a weak UV-PL characteristic
of Zn-rich and Mg-rich segregated domains, confirming an incomplete alloyed nature
of the as-grown film. Additionally, the alloy film was found to display a degraded mor-
phology, and exhibit a pronounced visible PL~ at 2.30 eV. The major native defect
contributing to luminescence at 2.3 eV was found significantly diminished upon an-
nealing at 750 °C as well as 900 °C annealing. However, the 900 °C annealed samples
exhibits enhanced UV luminescence correlated well with its good structural morphol-
ogy and its inhomogeneity of alloy mixing. Thus, the major defects impacting the UV
luminescence of the alloy were attributed to inhomogeneity in alloy composition and

film’s morphology.



