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Chapter 1

Introduction

1.1 Motivation for the Present Study

ZnO has historically been a very attractive semiconductor material in the scientific community
largely due to its wide band gap (~3.4 eV), large exciton binding energy (~60 meV), and high
transparency in the visible spectrum. The optical and electrical properties of ZnO have been exten-
sively studied, but the ability to alter these properties has been a challenge. Reports of ZnO doped
with many group III and transition metal ions have appeared, typically with the goal of modifying
the electrical, optical, or magnetic properties of ZnO. Recent interest in Re-doped ZnO has emerged,
however investigations of the properties and behavior of ZnO when doped with Re have not been
reported. Re has not been extensively studied, and reports of doping semiconductor materials with
Re are not common. In this study, the effects of doping ZnO with Re are investigated in order
to understand the physics driving the changes observed in the optical response. By examining the
vibrational modes and band structure of Re-doped ZnO, insight can be gained into the physical

mechanisms taking place when Re is introduced to the ZnO lattice.

1.2 Objectives

The objective of the present study is to investigate the changes observed in ZnO when doped with
Re and to identify the physical mechanisms responsible for these changes. Specifically, the objectives

are to:

1. Characterize undoped and ReO, doped ZnO thin films deposited on c- and r-plane sapphire

substrates using the following experimental techniques: X-ray diffraction (XRD), photolumi-



nescence (PL) spectroscopy, and Raman spectroscopy.

2. Compare results for undoped specimens to bulk single crystal ZnO to characterize the quality

of undoped specimens.
3. Evaluate the effects of the substrate type on ReO, doped ZnO thin films.

4. Extract information such as localization energies, strain states, and Debye temperature from
experimental data to evaluate the effects of doping ZnO with ReO, and to understand the

physical mechanisms taking place when Re is incorporated into ZnO.

1.3 Approach

In order to achieve the objectives of this study, a variety of ZnO thin film specimens doped with
ReO,, were created. Undoped and ReO, doped ZnO films were deposited on either c¢-plane (0001)
sapphire or r-plane (1102) sapphire. The use of two substrates created a variation in initial film
quality and state of strain. The concentration of ReO, was varied from 0 to 50 wt.% for specimens
created on each substrate type. Each of the specimens was characterized using XRD to determine
crystalline quality, orientation, and residual strain.

The films were initially characterized using XRD to verify crystallinity and to identify phases.
Following initial characterization of the specimens, an investigation of the undoped specimens was
carried out, the results of which were compared to bulk single crystal ZnO and reported results in
the literature. Raman spectroscopy was used to characterize the bonding and chemical nature of the
specimens, and the Raman spectra were compared to reported results for ZnO. PL spectroscopy was
used to analyze the optical response at temperatures ranging from 4.2 to 300 K. Analysis of the fine
band structure was conducted and each of the observed PL peaks were identified. PL behavior as a
function of temperature was utilized to estimate localization energies and constants related to lattice
dilatation and electron-phonon interaction. Finally, the same experiments were performed on the
ReO, doped specimens and a comparison was made between PL and Raman spectra, localization

energies, physical parameters, and states of strain.



Chapter 2

Background

Some background on the experimental techniques utilized in this study will be given followed by a
discussion and literature review on ZnO and similar semiconductors. A review of studies focused on
doping semiconductors to modify physical and optical properties will be given as well as a review of

the properties of Re and a review of studies focusing on doping material systems with Re.

2.1 Optical Spectroscopy

Raman spectroscopy and photoluminescence (PL) spectroscopy were utilized as characterization
tools in this study. Some of the mechanisms and principles of these techniques will be reviewed in

this section.

2.1.1 Raman Spectroscopy

Raman spectroscopy is a nondestructive analysis technique that utilizes the Raman effect, or in-
elastic scattering of light. The Raman scattering effect in fluids was discovered by C. V. Raman in
1928 [1], and was later applied to solid materials. Raman scattering can be described as the change
in frequency of a small portion of monochromatic light as a result of interacting with a material.
When a monochromatic beam hits a molecule, Rayleigh scattering, or elastic scattering, is predom-
inant. However, a small amount of Raman scattering can occur, and the change in wavelength is
characteristic of the substance.

The classical treatment of first-order Raman scattering can be described by the energy level
diagram in Fig. 2.1. An incident photon of energy hiy interacts with a material. In the case of

Rayleigh scattering, the scattered photon has the same energy as the incident photon. However,
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Figure 2.1: Schematic showing Rayleigh, Stokes, and anti-Stokes scattering.

when a state of energy hr; exists, attributed to molecules in an excited vibrational state, the incident
photon may interact with the vibrational state and induce a change in the energy of the photon of
either h(vp + v1) (anti-Stokes scattering) or h(vy — v1) (Stokes scattering) [2]. More specifically, the
incident photon interacts with phonons, or lattice vibration quanta. The energy of the phonons in
a given material system depends on the allowable lattice vibration frequencies.

Different types of bonding and crystal configurations in a material produce different vibrational
modes. In a system with more than one type of atom with different sizes or bonding characteristics,
two types of phonons exist. The vibration frequency of a lattice can be approximated as a function
of wave vector |k| = 27/ by considering a linear chain of alternating atoms of mass my and ms
separated by a distance a and connected by springs with spring constant K, which results in the
dispersion relation. The solution to this simplified dispersion relation is two branches, referred to
as the acoustic and optical branches. As the wave vector approaches zero, or at long wavelengths,
the acoustic branch becomes linear with slope wa equal to the speed of sound [3]. Different types of
atoms in a solid move in the same direction for acoustic modes [4]. The acoustic modes appear in the
acoustic frequency range and therefore will not be detected with Raman spectroscopy. The optical
mode is separated completely from the acoustic mode with a frequency typically in the optical range.
Unlike the acoustic mode, the different types of atoms move in opposite directions for optical modes,

or are out of phase [4].



In three-dimensional structures, multiple acoustic and optical modes exist. The number of acous-
tic and optical modes depends on the number of atoms per primitive cell in realistic structures [4].
Both types of modes may be longitudinally polarized, in which case the displacement of the atoms is
in the same direction as the wave vector. The modes also may be transversely polarized, where the
atoms move in planes normal to the wave vector. In summary, four types of modes may exist: lon-
gitudinal optical (LO), longitudinal acoustic (LA), transverse optical (TO), and transverse acoustic
(TA).

Only vibration modes of certain symmetries result in Raman scattering—these are Raman-active
modes, the selection rules for which may be determined using group-theory methods [5]. Raman
spectroscopy experimental techniques have been developed to turn the analysis of vibrational modes
of solids into a very powerful tool. To name a few, Raman spectroscopy has been used in defect
studies [6], analysis of strain in semiconductors [7-9], and analysis of nanostructures [10] and their

associated disorder [11].

2.1.2 Photoluminescence Spectroscopy

In PL spectroscopy, photons are used to excite electrons of charge —e in a semiconductor from
the valence band to the conduction band. The resulting vacant orbital in the valence band is
termed a hole, which acts with a positive charge +e. The electron and hole may remain bound by
their attractive Coulombic interaction, creating an exciton. When photons of sufficient energy are
absorbed by a semiconductor, an electron becomes excited from the valence band to an energy state
located in the conduction band. A non-radiative decay mechanism allows the electron to return to
the bottom of the conduction band. Radiative recombination of the electron and hole occurs when
the excited electron returns from the conduction band back to the valence band. When this occurs,
a photon is emitted with energy near that of the band gap, or the difference in energy between the
valence band-edge and the conduction band-edge of a material. This scenario is depicted graphically
in Fig. 2.2.

The probing depth of PL for a material depends on the optical absorption of the material at the
wavelength of the probing light. When probing depths are small, PL may be emitted from near the
surface of a material, and thus can be utilized to characterize surfaces [12]. This can also be the case
for very thin films or small particles with a large surface to volume ratio. Adsorbed molecules may
be present and can act as mid-band gap states to which the electrons may be excited and may serve

as long-lived traps [12]. Surface states typically include deep and shallow traps, the energy of which



may be determined by the thermal activation energy of the transition [12]. When probing depths are
high, the majority of PL is emitted from the bulk of a material. In addition to recombination from
the conduction band to the valence band, structural defects such as vacancies, interstitial atoms,
or substitutional atoms may provide an allowed defect state in the band gap. Upon recombination,
these shallow traps, deep traps, or other intermediate states result in the emission of a photon of
energy less than the band gap. The spectral location of a defect state PL peak can give insight into
the type of defects, adsorbed molecules, or dopants in a material and thus can help indicate crystal

quality.
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Figure 2.2: Schematic showing the most elementary PL emission process.

Radiative recombination typically occurs in semiconductors with direct band gaps. In a material
with an indirect band gap, a change in momentum is required, thus causing inefficient radiative
recombination. Thus semiconductors with indirect band gaps are less attractive for use in many
applications and are more difficult to analyze with PL spectroscopy. Additionally, the long-lived
traps described above can be non-radiative in nature [12]. If the recombination mechanisms are
dominated by non-radiative transitions in a direct band gap semiconductor, very weak PL emission
would result. Thus a decrease in PL intensity may indicate an increase in non-radiative traps and a
decrease in semiconductor quality. A more extensive review of the mechanisms of PL can be found

elsewhere [3,13].



2.2 Properties of ZnO

Zn0O has attracted a great deal of attention in recent years, largely due to its wide direct band

gap, large exciton binding energy (~60 meV), and high transparency in the visible range. ZnO

nanoparticles have been shown to be a candidate for solar cells when implanted in PPV [14, 15].

Ultraviolet (UV) light emitting diodes (LED) have also been created using ZnO [16]. Table 2.1

lists some relevant properties of ZnO. Theoretical and experimental studies have focused on ZnO

in many forms: single crystal bulk, epitaxial thin films, polycrystalline thin films, and a variety of

nanostructures, including quantum dots, nanorods, nanotubes, and nanoribbons. Various synthesis

techniques have been studied, and various materials have been doped or implanted in an attempt

to alter some of the physical and electronic properties of ZnQO.

2.2.1

Table 2.1: Wurtzite ZnO properties at 300 K.

Property Symbol Value Units | Reference

Density p 5.676 g cm™3 [17]
Debye Temperature fp 920 K [18]
Energy Band Gap E, 3.437 eV [19]
Hall Coefficient Ry —-1.9%x107% | m3C~! [20]

Bulk Bohr Radius ap 1.4-2.2 nm [21,22]
Thermal Expansion Coef. [100] | dao/dT | 6.4 x 1076 Kt [23]
Thermal Expansion Coef. [001] | dao/dT | 4.3 x 107° Kt [23]
LO phonon energy hwro 0.072 eV [22]
TO phonon energy hwro 0.054 eV [22]
Dielectric constant, x €x 8.47 [22]
Dielectric constant, z €2 8.84 [22]
Refractive index n 2.0 [22]

Physical and Electrical Properties of ZnO

Most II-VI semiconductors crystallize in either a zinc-blende or wurtzite structure.

ZnO is no

exception, with the most common structure being wurtzite (space group P63mc), which forms at

ambient thermodynamic conditions.

ZnO will also crystallize with a rocksalt structure at high



pressures and zinc-blende structure when grown on cubic substrates [24]. In the wurtzite structure,
ZnO has been experimentally found to have lattice constants a = 3.250 A and ¢ = 5.204 A [25],
yielding a ¢/a ratio of 1.602.

ZnO naturally exhibits n-type conductivity, or in other words has an excess of negative charge
carriers. The electrical properties of ZnO have a strong dependence on the quality of the semicon-
ductor. The electrical conductivity of bulk single crystal ZnO has commonly been reported to be
approximately 1 Q7 1m~! at room temperature [26-28]. Electron concentration has been reported in
the range 1.1 x 10?2 to 3.3 x 1026 m~3 with corresponding electron mobilities ranging from 6.4 x 10~°

to 3.0 x 1072 m?V~1s~1 20,29, 30].

2.2.2 Raman Spectrum of ZnO

Damen et al. [31] were amongst the first to observe the Raman spectrum of ZnO with the availability
of the visible continuous gas laser. Raman and infrared-absorption (IR) experiments were performed
along with a verification of the selection rules. Using group theory, it was predicted that there should
be an Ay branch, an F; branch, two E5 branches, and two B branches. The E; and E5 branches
are doubly degenerate, meaning two states share each energy level. The F5 modes are Raman
active, and the A; and E; modes are both Raman and IR active. For the IR active A; and E;
modes, electrostatic forces lift the degeneracy into two transverse optical (TO) branches and one
longitudinal optical (LO) branch. The Ay (TO), E; (TO), and F; (LO) modes are polarized in the
xy-plane, whereas the 4; (LO) mode is polarized parallel to the z-axis.

The E, peaks, denoted EX™ and E;igh based on phonon energy, exhibit very strong intensity
relative to the other modes when polarized in the z(yy)z, z(yx)z, z(xx)2’, z(xy)z’, and z(z2)z’ di-
rections, but have very low intensity in the other polarization directions [31,32]. In the polarization
convention used here, the directions inside the parenthesis denote the polarization directions of the
incident (left) and scattered (right) light. The directions on the outside of the parenthesis denote
the propagation directions of incident (left) and scattered (right) light. For example, z(zy)z’ refers
to incident light propagating in the z-direction polarized in the z-direction, with scattered light
being collected in the reverse z-direction polarized in the y-direction. This example is a backscatter-
ing configuration. Table 2.2 summarizes the expected Raman peak symmetries and corresponding
wavenumber for ZnO.

Knowledge of the pressure dependence of the Raman modes of solids can be used to correlate an

observed Raman shift with the approximate state of stress within the material. Sparks and Paesler [7]



Table 2.2: Raman peak symmetries and wavenumber expected for ZnO.

Common Name | Mode Symmetry | Wavenumber (cm™1!)
E¥v Es 101
A;1(TO) A (transverse) 380
E,(TO) E; (transverse) 407
Ehish B, 437
A;1(LO) A1 (longitudinal) 574
E4(LO) E; (longitudinal) 583

estimated the residual stresses found in Ge and Si as a result of machining using Raman spectroscopy
coupled with data for the hydrostatic pressure dependent shift of Raman peaks. For wurtzite
single crystal bulk ZnO, Decremps et al. [33] analyzed the hydrostatic pressure dependence from
atmospheric pressure up to the pressure at which ZnO shifts to the rocksalt structure (~9 GPa). The
Raman spectrum of bulk ZnO specimens with lateral dimensions of 30 pm by 20 um and thickness
20 pym were analyzed in a diamond anvil cell (DAC). The 514.5 nm line of an Ar™ laser focused to
a spot diameter of 5 pm with power of about 500 mW at the DAC entrance was used as the light
source. Scattered light was analyzed in backscattering configuration with a triple monochromator
and CCD detector. The phonon energies of the 4; (LO), A; (TO), E; (LO), E; (TO), and E;‘igh
modes increased with increasing pressure, whereas the phonon energy of the EX" peak decreased
with increasing pressure. For each mode the phonon energy shift with pressure was small, thus
Decremps et al. concluded that the bond ionicity has a weak dependence on pressure. Shifting of
the Egigh peak has also been observed as a result of As implantation, which was attributed to an
increase in stress due to the incorporation of As [34]. Further correlations of Raman shifting to
stress states were observed by Wermelinger and Spolenak [35] by analyzing the spatially resolved
Raman spectrum below a Vickers microindentation. The same location was analyzed using atomic
force microscopy (AFM). Shifts in the phonon energies of Raman peaks were observed around the
indentation. The magnitude of the peak shifts at any given location correlated to the amount of

plastic deformation as revealed by AFM.



2.2.3 Emission and Luminescence of ZnO

The optical properties and behavior of ZnO have made it very appealing to the scientific community.
A summary of some key optical properties was shown in Table 2.1. A primary focus of research
regarding ZnO has been on light emission and band gap analysis. The majority of research has
either focused on the near band-edge emission near 3.4 eV or the defect emission in the visible part
of the spectrum. A summary of studies on each follows.

Birman [36] analyzed the effects of polarization on the emission of zinc-blende and wurtzite
structures, using experimental evidence from ZnS and CdS as examples. Figure 2.3 shows the band
structure of zinc-blende and wurtzite structures as presented by Birman. The conduction band of
wurtzite structures is s-like which leads to a symmetry at the center of the Brillouin zone of I';. The
valence band is p-like and is split into sub-bands as a result of crystal field splitting and spin orbit
interaction [37]. Crystal field splitting originates from anisotropy of the static electric field due to the
principal axis of the wurtzite structure. Neglecting crystal field splitting, wurtzite structures would
have a valence band with I'y symmetry, but due to crystal field splitting the I'y band degeneracy
is removed, which results in two bands of symmetry I';y and I's. The zinc-blende structure has an
isotropic static electric field and thus does not exhibit crystal field splitting. The magnetic field
generated by the orbit of an electron around the nucleus interacts with the electron’s spin. For
wurtzite structures, group theory predicts the spin orbit interaction to result in a splitting of the
degenerate I's band into I'7 and T'g bands, and I'; symmetry transforms to I'7 symmetry [37]. This
results in a conduction band with symmetry I'; and valence sub-bands of symmetry I'g, I'7, and
T'7. Using CdS as an example of the wurtzite structure, Birman [36] concluded that near band-edge
polarization is a function of effective mass, matrix elements regarding structure, spin-orbit splitting,
and temperature. It was also concluded that the excitation spectrum should be identical to that of
the edge emission when using polarized light for excitation. Furthermore, the polarization of emitted
light should be independent of the excitation polarization.

The near band-edge optical absorption and reflection spectra of ZnO were first systematically
investigated experimentally in 1960 by Thomas [21]. Measurements were carried out at temperatures
ranging from 4.2 K to 300 K. At 4.2 K, reflection peaks were observed at 3.377 eV, 3.3845 eV, and
3.4225 eV, designated the A, B, and C peaks, respectively, in accordance with the first, second, and
third valence bands in Birman’s model. Peaks from excited state transitions were also identified at
3.422 eV, 3.4275 eV, and 3.465 eV designated A’, B/, and C’, respectively. Thomas showed that the

A and B peaks corresponded to excitons involving holes from bands polarized perpendicular to the
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Figure 2.3: Band structure for zinc blende and wurtzite structures based on the Birman

model.

c-axis, whereas the C peak corresponded to bands polarized parallel to the c-axis. It was concluded
that the A, B, and C peaks originated from direct exciton transitions with energy n=1, one from
each of the three valence bands. The designation of the A band as I';7 symmetry and the B band
as I'g symmetry, and thus an unsuccessful fit to Birman’s model, were explained to be due to the
reversing of the valence band symmetry ordering as a result of the mixing of the A and C hole bands.
Reynolds et al. [38] attempted to address this discrepancy from Birman’s model by analyzing the
Zeeman splitting effect from bound excitons. The study was based on a similar study of CdS [39],
where it was shown that bound excitons split in a magnetic field. It was theorized that there should
be significant differences in the behavior of the Zeeman splittings depending on whether a transition
was 'y < I'y or I'; < T'g. However, experimental results were inconclusive and the study was
unable to definitively reveal the character of the band symmetries. Several bound exciton peaks
were observed, designated I — I1p, and detailed analyses were conducted on many of the peaks.
Park et al. [22] continued to study the exciton spectrum of ZnO, also utilizing optical absorption
and reflection techniques. Similar to the results of Thomas, the three exciton bands A, B, and C

were observed, although at slightly different energies. Additional associated excited states for the A
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band (n=1,2,3,4) were also observed. Several of the peaks attributed to bound excitons were also
observed. It was found that the free exciton lines varied very little between specimens, whereas a
great variability between specimens was observed for the bound exciton lines. As a result of differing
assignments of certain peaks as compared to Thomas [21], Park et al. were able to obtain a better
fit to the Birman model [36].

Further investigations were carried out by Liang and Yoffe [40] in a study utilizing optical trans-
mission spectroscopy experiments on ZnQO at various temperatures. The free exciton emission results
were in agreement with those of Thomas, and the difference in the interpretation of the exciton struc-
ture by Park et al. was attributed to experimental problems. In more recent years, the availability of
high quality ZnO crystals has enabled the observation of photoluminescence (PL) emission from free
exciton transitions. Utilizing PL spectroscopy, Reynolds et al. [19] were able to address discrepan-
cies with the symmetry states of the valence bands. PL measurements were taken with and without
magnetic fields parallel to the c-axis, and with an electric field either parallel or perpendicular to
the c-axis. Looking at the A-exciton transition, it was observed that the behavior of the line as a
function of magnetic and electric field was consistent with the I'g assignment, whereas the results
could not be explained by a I'; assignment. It was concluded that the A-exciton transition is of
valence-band symmetry I'g, and the B- and C-exciton transitions are of symmetry I'7, which is the
case for most II-VI wurtzite structures and the prediction of the Birman model [36]. In contrast to
these results, Meyer et al. [41] suggested that the A-exciton assumed I'; symmetry by analyzing a
detailed magneto-optical study of the ionized donor bound exciton complex. However, the majority
of recent research is in agreement with Reynolds et al. [19] and concludes that the symmetry follows
the Birman model.

In addition to these studies of the free exciton transitions, several studies have focused on the
bound excitons of ZnO. At low temperatures, very narrow bound exciton emission peaks become
dominant and occur roughly in the spectral range of 3.35-3.37 eV. As temperature is increased,
free exciton emission becomes dominant. Early observations of the bound exciton peaks showed
significant variation in number, location, and intensities of the peaks. Thus an effort was put forth
to identify the origins of these bound exciton peaks. Reynolds et al. [38] originally named the specific
bound exciton peaks Iy to I1;. The peaks I3 through Ig are commonly attributed to A-excitons
bound to neutral donors [24,41,42]. However, there is disagreement in the literature as to the origin
of the peaks Iy through I11, as they have recently been reported to be related to both acceptor [42]
and donor [41] bound excitons.

Meyer et al. [41] attempted to identify the chemical nature of the impurities allowing bound

12



exciton recombination in ZnO. Using magnetic resonance experiments, it was shown that the I4
peak results from the inclusion of H. Electron nuclear double resonance (ENDOR) experiments were
used to detect H in a specimen with a strong I, peak. Annealing at 800 °C effectively removed the
14 peak, and simultaneously removed the H-related ENDOR signal. The peak I was apparent in
a specimen with high Al impurities. Similar to the conclusion of Schilling et al. [43], Meyer et al.
attributed the Is peak to excitons bound to Al impurities.

The peaks I5 to I;; were attributed to neutral acceptor bound excitons by Gutowski et al. [44]
using high-density excitation spectroscopy in unison with high magnetic fields. However, the Ig peak
was observed [41] in a specimen that showed severe interdiffusion of Ga. Ko et al. [45] observed the
same peak in Ga-doped ZnO specimens, which leads to the conclusion that Ig is actually caused by
recombination from an exciton bound to a neutral Ga donor. Meyer et al. [41] went on to describe
Iy (unintentional In contamination) and I;o as donor bound excitons based on the observed binding

energies of the two electron satellites of each peak.
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Figure 2.4: Energy level diagram showing the most commonly observed radiative recom-

bination mechanisms of ZnO.

Donor acceptor pair (DAP) transitions are found near 3.22 eV for ZnO. In a DAP transition, an

electron bound to a donor recombines with a hole bound to an acceptor [46]. Two electron satellite
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(TES) transitions in ZnO are found in the spectral region 3.32-3.34 eV. These are a result of the
radiative recombination of excitons that are bound to neutral donors. When recombination occurs,
the donor remains in the excited state, which results in the creation of a photon with energy less
than the DX emission by an amount equal to the difference in the excited and ground states of the
donor [24]. Binding energies to the donor can be estimated using the effective-mass approximation,
which states that the donor binding energy Ep equals the donor excitation energy difference between
the ground and first excited state [24,47]. This has been used to help identify contaminants and
impurities in ZnO, such as that for the Iy peak described above. Figure 2.4 shows the energy level
diagram for ZnO, depicting the process involved for D°X, A°X, DAP, and TES emission.

Another peak is sometimes observed at 3.333 eV. Meyer et al. [41] observed this peak near the
range of the TES peaks. However, upon annealing a specimen with this feature, the intensity of
the 3.333 eV peak increased by a factor of 100, whereas typical TES peaks are either unaffected or
decrease in intensity, depending on the relevant donor. Due to this anomaly, further investigation
was needed. Meyer et al. looked at the thermal activation quenching of both the 3.333 eV peak
and a neutral donor bound exciton peak, and observed results similar to the Y-lines of ZnSe [48],
ZnTe [49,50], and GaN [51]. A model was proposed that suggested the Y-line originated from
localized recombinations at extended defects, such as dislocations or grain boundaries [48]. Meyer et
al. utilized spatially resolved cathodoluminescence (CL) spectroscopy to monitor the spatial variation
of the peak and found that it was localized and spot-like. Because of the irregularity and localization
of the peak, it was determined that the peak was in fact not a TES. Comparing SEM images
to the CL data, it was observed that the peak was primarily located at areas of morphological
irregularities. It was also observed that this peak was typically absent in high quality specimens
with better morphologies. It was thus concluded that the 3.333 eV peak is related to excitons bound
to structural defects, or defect bound excitons (DBX).

Analysis of the energy shifting of free and bound exciton emission peaks with temperature in ZnO
can help determine various physical parameters and donor species. Typically emission is dominated
by neutral donor bound exciton emission at low temperatures, but at higher temperatures free
exciton emission dominates. PL of ZnO has been extensively investigated at low temperatures and
room temperature, but more recently, a detailed study on the energy shifting of excitonic emission
peaks as a function of temperature was reported by Hamby et al. [52]. Peaks from free and bound
exciton emission were observed in the PL spectrum of a high quality ZnO single crystal bulk specimen
and PL spectra were collected at temperatures ranging from 4.2 K to 300 K. The free exciton FX

emission peak center as a function of temperature was observed to follow a model by Manoogian
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and Woolley (MW) [53]:
E = Ey+UT?® + VO[coth(6/2T) — 1].

The MW model was used because it was an improvement upon the commonly used Varshni equa-
tion [54], which failed to account for the case when the temperature range was less than the Debye
temperature, fp [53]. The MW model has also previously been successfully applied to II-VI semi-
conductors such as CdTe [55] and CdS [56]. In the MW equation, Ey represents the energy band
gap at absolute zero, UT® the lattice dilatation, and V@[coth(8/2T) — 1] electron-phonon inter-
action. Hamby et al. [52] also plotted the natural logarithm of the intensity of a neutral donor
bound exciton peak at various temperatures against the inverse of the temperature. The thermal
activation energy, F 4, was determined as the slope of the linear portion of this plot, which in the
case for bulk single crystal ZnO in this study was 14 meV. Wang and Giles [57] also investigated
the temperature dependent energy shift of ZnO. The FX, peak center was plotted as a function
of temperature. Expressions given by Varshni [54] and Cody [58] were used to attempt to fit the
temperature dependent behavior of the ZnO free exciton peak. A reasonably good fit was obtained
for the free exciton peak, but a poor fit was achieved for the phonon-assisted replica. Better fits for
these peaks were achieved by Hamby et al. [52] using the MW model.

Another source of disagreement in the study of ZnO originates from green luminescence (GL),
also referred to in the literature as deep-level emission, defect emission, and fluorescence. Early on
Kroger and Vink [59] attempted to determine the origin of the GL, along with similar luminescence
observed in ZnS and CdS. Expanding on previous models, it was assumed that a cation vacancy
was respounsible for this luminescence in these semiconductors. By observing the compensation of
the resulting charge and backing with some experimental evidence, it was concluded that, for ZnO,
the GL arose from Zn vacancies (V) and oxygen vacancies (V). A later study showed the GL to
be linked to Cu impurities [60]. This Cu-related GL contained some fine structure, but the width
was similar to other reports of GL. Liu et al. [61] observed that dry air sintering ZnO results in
GL due to excess Zn, forming Zn interstitials (Zn;). They also observed that water vapor sintering
yielded strong green surface emission and weak green and yellow emission. However, Mn, which was
determined to be interstitial, quenched both the green and yellow emission, implying that the green
and yellow luminescence were resultant of (Zn,) and (O;), respectively.

In more recent years, Vanheusden et al. [62] explored the relationship between the GL and free-
carrier concentration along with paramagnetic oxygen-vacancy density by analyzing ZnO phosphor

powders. Several experimental techniques were utilized and it was observed that the GL had a
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strong dependence on free-carrier depletion at the surface. It was concluded that the GL appearing
from ZnO phosphor powders resulted from recombination of electrons in oxygen vacancies with
photoexcited holes in the valence band.

Egelhaaf and Oelkrug [63] looked at ZnO sintered at 1600 K under air, argon, and oxygen at
atmospheric pressure. Using diffuse reflection, steady state and time-resolved PL, and photoconduc-
tivity, efficient quenching of surface states was revealed. It was concluded that the GL is a result of
an oxygen defect center (V) and the acceptor is a Zn defect center (V,,). Kohan et al. [64] used
a first-principles pseudopotential method to obtain a similar conclusion: the GL originates from
transitions between conduction band electrons and V,, in the valence band. Similar conclusions
were also obtained experimentally by others [65-67]. Using external electric fields, Korsunska et
al. [68] showed that GL intensity decreased near the anode but increased near the cathode, and
thus concluded that Zn; also played a role. Lin et al. [69] analyzed the PL of ZnO films deposited
on Si substrates in combination with full-potential linear muffin-tin orbital defect level calculations,
which yielded the conclusion that the GL arises from oxide antisite defects (O, ). It is clear that
the origin of the GL remains debatable. However, the GL has been abundantly correlated to Zn-
and O- related defects. Many studies have attempted to use various techniques to quench the GL,
which has been reported to indicate high crystalline quality ZnO. Du et al. [70] embedded ZnO in
polymethyl methacrylate (PMMA) in order to quench the GL, which was reported to signify the

elimination of surface defects.

2.2.4 Synthesis and Properties of ZnO Films

ZnO films are commonly deposited on sapphire substrates due to its commercial availability and
relatively close lattice match, 18% [71], which allows the growth of high quality ZnO films. In the
last several years, most studies on ZnO films have focused on 0.25-3 pm thick films deposited on
(0001) sapphire, or c-plane sapphire. Laser ablation was a common synthesis technique early on,
which typically yielded polycrystalline ZnO films of relatively poor quality [72,73].

Higher quality films have been created using pulsed laser deposition (PLD) [32,73-77]. In PLD,
the target material is placed in a vacuum chamber and a high power pulsed laser beam is focused on
the target. This vaporizes the material, which acts to deposit it as a thin film on a substrate. The
ability to grow epitaxial ZnO with PLD was reported by Muth et al. [73] in a study that utilized
transmission spectroscopy and PL spectroscopy at temperatures down to 77 K. Strong UV emission

was observed with low intensity GL, indicating high quality ZnO. Synthesis parameters such as laser
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power density, vacuum pressure, substrate temperature, and cooling rate play a significant role in
the final quality of films created with PLD.

Molecular beam epitaxy (MBE) has also been used to synthesize epitaxial ZnO films [45,78-81].
Chen et al. [78] observed strong near band-edge emission with minimal GL from 500 nm thick
ZnO films synthesized with plasma-assisted MBE. Ko et al. [45] used a GaN buffer layer on the
sapphire substrate to reduce the lattice mismatch, but observed few differences from Chen et al.
[78] for undoped specimens. Ohtomo et al. [79] utilized laser MBE to create ZnO/Mg ,Zn, O
superlattices, thus creating ZnO layers with thicknesses of 1.2-12 nm and entering the realm of
quantum confinement.

Another common synthesis technique is radio frequency (rf) magnetron sputtering [82-85]. When
deposited on c-plane sapphire, r-plane sapphire, or (001)GaAs, polycrystalline ZnO films form,
but single crystal films have been reported when using (111)GaAs substrates [83]. High quality
epitaxial films have also been synthesized using metalorganic chemical vapor deposition on r-plane
sapphire [86,87].

With a Bohr radius <5 nm, quantum confinement is difficult to achieve in films of ZnO due to
synthesis constraints. The easiest way to achieve thin epitaxial ZnO films is by finding a better
substrate lattice match [81] or by creating a superlattice [79]. Limited experimental observations
have been reported regarding the excitonic band structure of ZnO thin films. However, variations
in the PL of ZnO films have been observed as a function of film thickness, substrate type, synthesis
parameters, doping material, and doping concentration and numerous results have been reported.

In two similar studies, epitaxial ZnO thin films of thickness ranging from 40 nm to 3.2 ym were
deposited on c-plane sapphire using PLD [75,77]. The crystalline quality and strain state of the
films was determined using double-crystal X-ray diffractometry (DCXRD), and the band gap was
characterized with room temperature PL. With decreasing film thickness, shifts of nearly 40 meV
were observed in the near band-edge (NBE) PL emission peak due to an increase in residual tensile
strain. These residual strain effects were observed for film thicknesses up to about 400 nm. The
40 nm thick ZnO specimen had low PL emission intensity, with the GL more intense than the NBE
emission. As film thickness was increased, both the GL and NBE emission became more intense,
although the NBE emission intensity increased with respect to the GL, up to a ratio of approximately
12:1.

Analysis of the biaxial stress-dependence of the band gap energy of polycrystalline thin films has
also been investigated [88,89]. Polycrystalline thin films were deposited on quartz using reactive rf

magnetron sputtering. It was found by side-inclination XRD that the ZnO films were under a biaxial
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state of residual tensile stress due to both lattice and thermal mismatch. The absorption spectra
of specimens in states of stress ranging from about 1.4-2.0 GPa indicated a blue-shift in the ZnO
band gap with increasing stress. A fit to experimental data yielded the following equation, which
was supported by ab initio calculations and suggested that the band gap of ZnO should increase

linearly with increasing biaxial stress:
Eg = EgO + 6U:cac-

In the equation, £ is the band gap energy in eV, E,g is the stress-free band gap energy of ZnO in
eV, § is the band gap shift due to biaxial strain in eV/GPa, and o,, is the biaxial stress in GPa.
The stress level of the films was calculated to be different depending on which X-ray diffraction peak
was being analyzed. When the (213) diffraction peak was used to evaluate stress, Ego and 0 were
reported to be 3.160 eV and 48 meV/GPa [88]. When the (002) diffraction peak was used, E,o and
d were reported to be 3.171 eV and 27 meV/GPa [89].

In another work [90], ZnO thin films were deposited by a sol-gel process on five different sub-
strates: c-plane sapphire, GaN epilayer on c-plane sapphire, quartz glass, Si(111)/Si0,, and glass.
Residual strains in the thin films were estimated from lattice parameters as determined by XRD.
The strain varied by substrate from -0.47% up to +0.1%. Scanning electron microscopy (SEM)
and XRD results indicated good orientation of ZnO on the GaN and Si/SiO, substrates, but poor
orientation along the c-axis for all others. PL was measured using a 325 nm excitation source. Only
the NBE emission was observed on all specimens and a redshift of the NBE peak of up to about
20 meV was reported with increasing compressive strain.

Ong et al. [76] grew ZnO films of various stoichiometry and crystallinity on ¢-plane sapphire by
PLD. X-ray diffraction (XRD) measurements were utilized to determine the c-axis lattice constant
and w-rocking curve for each ZnO film. The amount of strain in the specimens was determined by
comparing the c-axis lattice constant of the thin film with that of ZnO powder. The mean crystallite
size was estimated using the Scherrer formula, which uses the X-ray wavelength, Bragg diffraction
angle, and FWHM of the diffraction peak. The long-range disorder of the films was determined by
the FWHM of the w-rocking curves and indicated relative tilting of grain columns. It was found
that as the crystallite size decreased from about 85 nm to 12 nm, the associated strain increased
linearly from about 0.2% to 1.5%. The long-range disorder was also found to increase as crystallite
size decreased. Thus, for small crystallite sizes, strain and long-range disorder were high. The
optical response of the films was measured with spectroscopic ellipsometry. The absorption spectra

were deduced from the ellipsometric data for each film. In the absorption spectrum of the specimen

18



with lowest strain (largest crystallite size), a free exciton peak was reported near 3.317 ¢V and an
exciton-photon peak near 3.39 eV. With increased strain (decreased crystallite size), the free exciton
peak shifted to a higher energy. At the highest strain, the free exciton peak split into two peaks
near 3.2 eV and 3.32 eV, while the exciton-photon peak became very weak. The experimental data
obtained from the absorption spectra was then compared to a computed band structure. Reasonable
agreement was obtained, but values in calculating the band structure were approximate.

Ashkenov et al. [32] looked at the Raman and IR spectra of high quality ZnO films deposited by
PLD on ¢-plane sapphire substrates. XRD and TEM were utilized to characterize the quality of the
films, which were approximately 1.4 pm thick. The ZnO phonon mode frequencies observed from
the films were consistent with results for bulk ZnO within about 1 cm~! for the Egigh peak. The

small shift was explained by the existence of point defect vacancies in the ZnO.

2.3 Doping Semiconductor Materials

Doping semiconductor materials with foreign atoms or molecules can dramatically alter the me-
chanical and optical response of the material. Proper dopant selection, along with the proper
concentration, can be utilized to fine-tune material properties such as conductivity, hardness, and
optical band gap. Materials can be changed from n-type to p-type semiconductors, band gaps can
change dramatically, and emission efficiencies can be enhanced greatly.

The doping of semiconductors is very useful in the field of optoelectric devices. In order to fully
utilize a semiconductor material, both n- and p-type doping are necessary. n-type doping results
in an overall excess of electrons in the material, whereas p-type doping results in an overall excess
of holes. While n-type doping is easily achieved with ZnO, p-type doping has been an ongoing
challenge. In a first principles study, Park et al. [91] reported that substitutional group-I elements
such as Li, Na, and K are shallow acceptors but substitutional group-V elements such as P and As
are deep acceptors. Problems with achieving p-type doping in ZnO were reported to originate from
the formation of interstitials for group-I elements and antisites for group-V elements. ZnO in the
wurtzite crystal structure is inherently an n-type semiconductor due to the presence of defects such
as Vg and Zn; which causes a deviation from stoichiometry [24]. In addition to focusing on altering
the charge carrier type in ZnO, researchers have attempted to alter charge carrier concentration
and mobility in an effort to increase conductivity. ZnO nanoparticles have also been doped with
various elements and investigated by PL spectroscopy, which can give insight to the optical response

of ZnO [92,93].
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2.3.1 Doping of ZnO with Group-III Elements

ZnO has been doped with ions of many different group III elements to achieve n-type doping,
including In3* [94,95], Ga®* [45,95-98], AI3T [43,84,95,99-101], and B3+ [95], which substitute for
Zn?* and thus introduce an extra electron. Doping of ZnO was initially prompted by the increased
use of transparent conductors in opto-electronic devices, creating the need for highly conducting,
high transparency semiconductors [94]. Major et al. [94] created In-doped ZnO polycrystalline
films using spray pyrolysis and observed high transparency of 85% in the visible spectral range and
conductivity of about 8 x 10™* Q cm. XRD revealed a diminished ZnO crystallinity at only 2 at.%
In. Carrier concentration was observed to increase with increasing In content up to a saturation
point of about 4 x 1020 cm ™3, where it remained constant with further increased In concentration.
Mobility initially decreased with increasing In concentration, then quickly increased until saturation
at about 15 cm? V~1's~!. This behavior was described as the result of grain boundary trapping due
to the small grain sized polycrystalline films.

Minami et al. [99] observed about a 4-fold decrease in resistivity as compared to the results
reported for In doping [94] when doping ZnO with Al. Minami et al. [95] then went on to study
the effects of doping ZnO with several group III elements: B, Al, Ga, and In. The powdered oxide
form of each element was used as the dopant, and the specimens were created as polycrystalline
films using rf magnetron sputtering. The resistivity was observed to decrease with increasing doping
concentration, and the lowest resistivity was observed at about 2-3 at.% for Al, Ga, and In and at
about 10 at.% for B doping. As a result of the decrease in resistivity, it was suggested that the
dopants act as an effective donor in ZnO. High carrier concentration of the Al-, Ga-, and In-doped
ZnO was attributed to ions, AI3*, Ga?t, and In37, substituting at Zn?* sites or from these atoms
at intersitial sites. It was also suggested that this could be a result of V5 or Z;. The ZnO films
doped with B did not show an increase in carrier concentration like the others, although an increase
in stability at high temperatures was observed from all dopants.

Schilling et al. [43] observed the PL of Al implanted ZnO in the NBE range at liquid He tem-
peratures. To decipher the effects of damage caused by implanting, Ar implanted specimens were
also created and compared. Specimens were created with concentrations ranging from 9 x 10 to
9x10'® em~3. Evidence of the I5/6: Iy, and I, bound exciton peaks were observed. The Iy neutral
donor-bound exciton peak was observed to increase in intensity with increasing doping concentration
of Al, whereas it decreased slightly in intensity after doping with Ar, likely a result of recombina-

tion from excitons bound to Al related impurities. The trend was demonstrated by plotting the
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PL intensity ratio of I /4 /1y peaks against the implantation concentration, from which a roughly
linear trend was observed. Schilling et al. suggested that the Al ions form a polycentric complex
in ZnO, rather than a point defect. The strain created by co-doping ZnO films with Al and N has
also been investigated using XRD [101]. As Al concentration was increased, the compressive strain
in the films increased up to a concentration of 0.4 at.% and then decreased. The eventual decrease
in compressive strain was attributed to Al occupying more substitional sites, thus relieving some of
the compressive strain.

The first report of epitaxial Ga-doped ZnO films arose in the mid 1990’s. Ataev et al. [96] created
Ga-doped ZnO films on (1012) sapphire using a CVD technique and characterized the quality using
XRD and Hall measurements. Results were in agreement with those of Minami et al. [95] and the
high carrier density at high Ga doping concentrations was attributed to Ga3* ions replacing Zn?*,
as suggested by Minami et al. Ko et al. [45] observed the PL of epitaxial Ga-doped ZnO films from
specimens created by plasma-assisted MBE. PL measurements at 10 K revealed an additional peak
within the range of bound exciton emission, which was attributed to the effects of Ga doping. It was
also noted that the deep-level emission did not increase with increasing Ga concentrations, implying
that Ga doping did not contribute to the defects responsible for this emission. Kato et al. [102]
also investigated Ga-doped ZnO films created on c-plane sapphire by MBE. It was observed that
the activation ratio, estimated by dividing the concentration of carriers by the concentration of Ga,
was about unity once Ga content exceeded 3 x 10'7 cm™3. This fact was used to suggest that Ga
atoms are substituted at the Zn sites, which agrees with the previous suggestions that Ga3*t ions

substitute for Zn?" ions and act as donors [95].

2.3.2 Transition Metal Doping of Semiconductor Materials

The behavior of ZnO when doped with group III elements has been extensively reported. However,
for the purposes of this study, there is an interest in the behavior of ZnO when doped with transition
metals, specifically those similar to Re. When CdS is doped with small amounts of Mn a broad
yellow emission appears centered near 565 nm, and a peak attributed to a zero phonon line (ZPL)
is observed near 537 nm [103]. Ehrlich et al. [104] investigated the effects of a higher range of
Mn doping concentrations in CdS and used time resolved spectroscopy to determine differences
between emission due to Mn and emission from DAP transitions. The decay rate of the ZPL peak
was observed to be exponential with time constant 7 = 0.65 ms, whereas the decay rate of DAP

transitions would follow a hyperbolic rate with a much faster decay. The ZPL was also observed to
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split in a magnetic field, which is characteristic of a ZPL. With increased Mn doping concentrations,
the ZPL was no longer observed and only the broad yellow emission was observed, with the addition
of a peak near 901 nm.

Kanemitsu et al. [105] later studied Mn-doped CdS nanocrystals created by sequential ion implan-
tation into Al,O4. Undoped CdS nanocrystals were also created with sequential ion implantation
for comparison. Very similar PL spectra at 8 K were observed between the Mn-doped and undoped
specimens. However, when the phase between the excitation and emission was varied with a phase
shifter built into a lock-in amplifier, a new band was observed near 570 nm for the Mn-doped spec-
imens. This was attributed to the intra-d-d transition of Mn2T in agreement with previous reports.
Mn was implanted into Al,O4 to create a new set of specimens, and the 570 nm band was not
observed, indicating that this emission was a result of interactions between the Mn and CdS.

An effort to create ferromagnetic semiconductors, or diluted magnetic semiconductors (DMS),
has driven researchers to dope II-VI and III-V semiconductors with transition metal ions. This
has been possible only in more recent years by enhanced synthesis techniques [106]. In this field,
researchers have investigated the physical and optical properties of ZnO when doped with high
concentrations of Mn [107-112], Co [108,109,111,113], Cr [108,109], Ni [109,111], and Fe [108].
Although ferromagnetism is not the focus of the present study, relevant information such as typical
defect type or band gap modification can be acquired from these studies.

Fukumura et al. [107] created DMS out of ZnO films doped with Mn using PLD. The Zn;_,Mn, O
films were created with Mn concentrations up to z = 0.35. Using XRD and electron spin resonance
measurements, it was suggested that the dopant Mn ions substitute at Zn sites without altering the
wurtzite structure significantly, even at Mn concentrations well above the thermal equilibrium limit
(x = 0.13). The ability to achieve this was attributed to the nonequilibrium nature of PLD. As
doping concentration increased from z = 0 to x = 0.35, the band gap was observed to shift from
about 3.28 eV to about 3.75 eV as determined by optical transmittance spectroscopy.

In a related study, Jin et al. [108] investigated the effects of doping ZnO with a wide range of
transition metals. As determined by XRD, the ZnO doping solubility limits for Sc, Ti, V, Cr, Mn,
Fe, Co, Ni, and Cu were found to range from close to 0 mol % (Cu) to about 20 mol % (Mn), with
Co showing the next highest at about 16 mol %. Below these solubility limits, the ZnO wurtzite
structure is not significantly altered but the lattice constants increase linearly with increasing doping
concentration as dopant ions occupy Zn sites. Beyond this threshold, the formation of precipitated
phases occurs such as CryO5, ZnMn,0Oy, Fe,O3, and CoO when doping with Cr, Mn, Fe, and Co,

respectively. Similar observations were made by others for the doping of ZnO with various transition
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metals [107,109,111,113]. Using CL spectroscopy, Jin et al. [108] reported that Mn quenched the
luminescence of ZnO at 3.25 eV, whereas the addition of Cr created new peaks at 2.97 and 3.71 eV.
Less substantial changes were reported in the CL spectra after doping with Fe or Cr.

Ngom et al. [114,115] created W-doped ZnO nanorods using PLD at W concentrations of 1 and
2 wt. %. It was observed that the addition of W affected the orientation of the nanorods. Room tem-
perature PL spectroscopy revealed several additional peaks throughout the spectrum, which were
attributed to various defects caused by W doping. Gao et al. [93] created Y-doped nanoparticles
using a sol-gel method and investigated Y doping effects using XRD, SEM, PL spectroscopy, Raman
spectroscopy, and X-ray photoelectron spectroscopy (XPS). Two types of ZnO nanoparticle speci-
mens were created in this study: undoped and 5 at. % Y-doped. XRD revealed an increased lattice
constant for the Y-doped specimen, suggesting that the Y3+ partially substitutes at Zn?* sites. The
Raman spectra revealed a blue-shift in the Egigh mode from 434 to 431 cm™!, which was attributed
to a decrease in compressive stress or increase in tensile stress as a result of the lattice mismatch
originating from the addition of Y. Room temperature PL revealed an increase in the intensity of
the NBE emission of Y-doped ZnO as compared to undoped ZnO by a factor of 300. XPS results
suggested that Y31 substituting for Zn?>* can reduce V, , which could explain the relative decrease
in GL and increase in NBE emission.

The effects on the Raman spectrum of ZnO after doping with various elements has been the
subject of multiple studies. Jeong et al. [34] created wafers of (0001) ZnO which were implanted
with As ions to a fluence of 1 x 10'® cm™2. After implantation, some of the specimens were annealed
at temperatures between 700 and 900°C for 1 h in an oxygen atmosphere. Raman spectroscopy
was performed on all specimens at room temperature before and after As-implantation. After
implantation, the Egigh peak shifted 0.55 cm ™! to a lower wavenumber and the FWHM increased
by 0.7 cm~!. After annealing for each temperature, this peak shifted back near its original location
before implantation, and the FWHM decreased 0.4 cm™! as compared to the implanted specimen.

Bundesmann et al. [116] investigated the Raman spectrum of ZnO doped with Fe, Sb, Al, Ga,
and Li grown on c¢-plane sapphire using PLD in a N-free environment. An additional Raman mode
for Fe-, Sb-, Al-, and Ga-doped specimens was observed near 277 cm™!, which was attributed to
host lattice defects, as this mode was also observed for N-doped ZnO. The Li-doped specimens
exhibited no additional Raman peaks even at concentrations up to 17 mol %. This lack of additional
modes was attributed to higher film quality as compared to the other specimens, or possibly to the

screening of defect complexes by the high mobility Li ions.
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2.4 Properties of Rhenium

Rhenium found its way into the scientific community late in the 1920’s as the availability increased
and costs decreased by a factor greater than 3,000 in a matter of 2 years [117]. Re has atomic

number 75 and a silvery-white appearance as a metal.

2.4.1 Physical and Electrical Properties of Rhenium

Various physical and electrical properties of Re at room temperature are shown in Table 2.3. Re
has several oxides, initially referred to as white oxide (Re,Og), yellow oxide (Re;0.), red oxide
(ReOs3), blue oxide (Re;Oyg), and black oxide (ReO,) [118]. ReO, has an orthorhombic structure,
space group Pben, with lattice constants a = 0.4808, b = 0.5643, and ¢ = 0.4600 A [119]. ReO,
has an activation energy of 49 kJ g at~! and an electrical conductivity of 7.4 x 102 Q=1 m~! [120].
Re(I) complexes of ligands have been observed to have enhanced photoluminescence compared to
those without Re [121]. Wang et al. [122] created 800 nm diameter composite fibers containing

Re(CO)4(Bphen)Br by electrospinning and observed strong photoluminescence and high stability.

Table 2.3: Metallic Re properties at 300 K.

Property Symbol Value Units | Reference
Density p 21.03 gem ™3 [123]
Debye Temperature p 449.3 K [123]
Energy Gap E, 8.7 eV [124]
Electrical Resistivity p 1.88 x 1077 Qm [125]
Thermal Expansion @ 1.0 x 107° K1 [126]
Poisson Ratio v 0.29 [127]
Bulk Modulus Br 3.00 x 10? GPa [128]

2.4.2 Doping Material Systems with Rhenium

A limited number of studies have investigated the effects of doping semiconductors with Re. The
effects of doping ZnO with Re have not been investigated to date. Nanocrystalline ZnO films
have been grown on Re substrates using PLD, however the focus was primarily morphological, and

optical studies were not conducted [129]. Theoretical investigations have indicated that in Re-doped
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Si clusters ReSi,,, Re should occupy surface sites for n = 1-7, but should occupy a center site for
n = 8-12 [130].

Andreev et al. [131] investigated the effects of doping In, ;Ga, 47As with Re. The InGaAs
was grown using liquid phase epitaxy on InP substrates, and Re was introduced to the molten
solution prior to deposition. The Re-doped films demonstrated n-type conductivity and an order
of magnitude increase in the free electron density was observed in the doped films when grown on
(111)A InP (topmost layer In) substrates. Mobility was also observed to increase for Re-doped
specimens by a factor of about 1.6. PL measurements were performed at specimen temperatures
of 1.6, 77, and 300 K in a backscattering geometry. Peak widths were comparable between doped
and undoped specimens, attributed to high structural order in the doped specimens. PL intensity
was observed to increase an order of magnitude after Re doping. Re doping of specimens grown
on (111)B InP (topmost layer P) acted to quench an impurity band, resulting in an edge band.
Andreev et al. suggested that deep local levels were not created by the Re atoms in InGaAs as some
may think, but the modification to the properties of InGaAs was a result of chemical activity during
crystallization of the films.

A similar study was soon thereafter reported in which GaAs films were doped with Re [132].
Liquid phase epitaxy was used to grow GaAs films of thickness less than 5 pm on n-type and p-type
GaAs substrates. Some films were doped with Re at concentrations in the range 0.002 —0.005 wt. %.
As was the case for InGaAs, n-type conductivity was observed for the GaAs films. A decrease in
density of free carriers was reported but an increase in mobility was observed after doping with
Re. PL spectroscopy revealed no deep radiative recombination centers associated with Re, and Re-
doped specimens showed enhanced free exciton emission. The changes of the properties of GaAs were
attributed to chemical activity when Re was introduced to GaAs in the liquid state. No suggestions
as to the type of point defect created by Re were given.

Agarwal et al. [133] investigated the effects of doping MoSe, with Re. Bulk single crystal spec-
imens of Moy gg95Req 055€, Were created using a direct vapor transport method. Few differences
were observed in the doped specimens, although a slight expansion of the ¢ parameter was seen and
carrier concentration increased. Later Vora et al. [134] conducted a similar study in which direct
vapor transport was utilized to grow MoRej o955€; 995 Single crystals. A slight increase in the ¢
parameter with little change to the a parameter after Re doping suggested that Re was introduced
between layers. In addition to changed lattice size parameters, a remarkable decrease was observed in
room temperature resistivity, along with an increase in mobility and carrier concentration. UV-VIS-

NIR spectrometry revealed that Re doping decreased the direct band gap slightly. The Re-doped
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specimen also exhibited p-type conductivity as indicated by Hall measurements.

Small doping concentrations of Re (0.2 wt. %) were not observed to significantly affect the
absorption spectrum of Bi;5Si0,, (BSO) crystals [135]. The near band-edge transitions of WS,
were investigated by Yen et al. [136] with piezoreflectance for both undoped and Re-doped (0.1-
0.2 wt. % Re) specimens. This small amount of Re caused red shifts in the A and B free exciton
transitions and impurity scattering was observed to increase. After doping TiO, with concentrations
of Re up to 6 wt. %, Zhang et al. [137] observed increased photocatalytic performance as compared
to undoped specimens.

Larger Re doping concentrations were pursued by Reder et al. [138] by synthesizing specimens of
Hg;_,Re;BasCayCuzOg with z as large as 0.30. A maximum Re solubility for this material system
was found to be z = 0.15. The maximum solubility was described to be a result of the Re causing
variation of grain connectivity.

Leem et al. [139] investigated the effects of doping the hole transporting layer (HTL) of N, N’'-
diphenyl-N, N'-bis (1,1’-biphenyl)-4,4’-diamin (NPB) with ReO4 at concentrations ranging from 0
to 25 wt. %. Specimens were grown on indium tin oxide (ITO) substrates using thermal deposition
to create organic light-emitting diodes (OLEDs). UV-Vis absorption spectroscopy suggested that
Re doping formed charge transfer complexes in the NPB. After Re doping, driving voltage decreased
from about 7.1 V to about 5.3 V and power efficiency increased from 2.0 Im/W to about 2.3 lm/W.
The increased efficiency after Re doping was described to be a result of the creation of free holes in
the HTL.

In summary, the crystalline quality of ZnO films can be evaluated using Raman spectroscopy.
As described in Section 2.2.2; the spectral shift of the Raman peaks has been shown to indicate
the amount of residual stress in semiconductor films [7,34,35]. A review of the PL spectrum of
Zn0O was given in Section 2.2.3. High crystalline quality ZnO exhibits characteristic PL emission
resulting from free excitons and excitons bound to neutral donors or acceptors. Analysis of the
bound exciton peaks can be used to identify types of defects or certain doping species. TES and
DAP peaks are commonly observed and can be used as indication of whether excitons are bound
to neutral donors or acceptors. DBX emission has been reported as a result of excitons bound to
structural defects. Temperature dependent behavior of free exciton PL peaks can be used to estimate
lattice dilatation and electron-phonon interaction using the MW model. The localization energy of
bound excitons can be estimated using the temperature dependent behavior of the D°X peak. ZnO
has been doped with many group III and transition metal ions, as reviewed in Sections 2.3.1 and

2.3.2. A decrease in resistivity was reported as a result of doping ZnO with Al, Ga, and In up to
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a certain concentration threshold, after which resistivity increased [95]. The decrease in resistivity
was attributed to the doped ions substituting at Zn sites. Solubility limits were reported for Sc,
Ti, V, Cr, Mn, Fe, Co, Ni, and Cu in ZnO [108]. At doping concentrations below solubility limits,
doping ions were reported to substitute at Zn sites. At doping concentrations above solubility limits,
precipitated oxide phases were reported for each. Few studies have investigated the effects of doping
semiconductors with Re, and the properties of Re-doped ZnO have not been reported. Re doping
was reported to increase the free electron density and mobility of InGaAs, while crystal structure
order was maintained [131]. Decreased free electron density, increased mobility, and increased PL
emission intensity were observed for GaAs after doping with Re [132]. In Hg;_,Re,;BayCasCusOsg,
a maximum Re solubility of x = 0.15 was reported. Based on the reported behavior of ZnO when
doped with group III and transition metal ions, a maximum solubility limit of Re in ZnO is expected.
XRD can be used to identify precipitated phases at doping concentrations greater than the solubility
limit. Raman spectroscopy and PL spectroscopy can be used to characterize the optical behavior
of the Re-doped ZnO films and can give insight to residual stress levels, crystalline quality, lattice

dilatation, and electron-phonon interaction.
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Chapter 3

Experimental Approach

The objective of the present study, as previously described, was to investigate the effects of doping
ZnO thin films with Re. ZnO was doped with ReO, at concentrations ranging from 0 to 50 wt. %,
which was then used to create films of nominal thickness 100 nm on c-plane (0001) and r-plane
(1102) sapphire. The films were characterized by X-Ray diffraction (XRD), photoluminescence (PL)

spectroscopy, and Raman spectroscopy.

3.1 Synthesis of ReOy,-Doped ZnO Films

ReO,-doped ZnO specimens were created at Los Alamos National Laboratory. The ZnO specimens
were deposited on either c-plane (0001) or r-plane (1102) sapphire substrates using pulsed laser depo-
sition (PLD). A background on PLD and other film synthesis techniques was given in Section 2.2.4.
For each of the two substrates used, both undoped as well as ReO,-doped ZnO specimens were
created with concentrations of 5, 10, 20, and 50 wt.%.

Specimens were created with a KrF excimer laser (248 nm wavelength) at 2 Hz in a chamber
with an initial maximum pressure of 1 x 1075 Torr. Substrates were brought to a temperature of
650 °C during deposition and an oxygen pressure of 350 mTorr was used. The thermal coefficients
of expansion of ZnO were listed in Section 2.2 as 6.4 x 107% K=1 along [1000] and 4.3 x 107¢ K1
along [0001] [23]. Al,O has thermal coefficients of expansion of 4.78 x 107 K~ along [1000] and
5.31 x 107% K~ along [0001] [140], resulting in anisotropic thermal expansion for the r-plane of
sapphire. Specimens were deposited with a target incidence angle of 45 degrees with a target to
substrate distance of about 5 cm. The undoped and ReO,-doped ZnO specimens were created with a

nominal thickness of 100 nm. Specimens were cooled after deposition at a rate of about 15°C min ™.
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Proper film oxygenation was achieved during cooling using an oxygen pressure of 250 Torr.

3.2 Instrumentation

3.2.1 Photoluminescence Setup

Two systems were used in this study to characterize the optical response of the Re-doped ZnO films.
The first system was used to analyze PL at temperatures ranging from 4.2 K (using liquid He) to
300 K. Specimens were analyzed in a cryostat with an initial maximum pressure of 2 x 10~° Torr.
Temperatures were lowered using liquid He flow. Intermediate temperatures were maintained by
varying the flow of liquid He and using a proportional-integral-derivative (PID) controlled heater.
Light from a Kimmon IK3151R-E HeCd laser (325 nm wavelength, 3.82 ¢V) rated at 17 mW was
used to excite PL, with a power intensity at the specimen of about 50-66% of the maximum rated
power. Incident light was directed to the specimens at a low grazing angle, which lowered the
power density and increased the film sampling volume. Emitted light was dispersed by a 0.5 m
monochromator utilizing a 2400 g/mm grating (Spex 500M) and detected with a LNs-cooled charge-
coupled device (CCD) camera (SpectrumOne Model: CCD-1024X128-BIUV-1LS). This resulted in
a spectral resolution of about 0.5 meV at 3.37 eV. The monochromator was calibrated prior to use
by centering the Hg emission peaks from a Hg lamp using the system computer. The computer was
used to select the position of the grating and spectral scans were done to collect spectra ranging from
345 nm to 625 nm, or about 2.0 eV to 3.6 eV. The computer was also used to control the shutter
on the monochromator. For each measurement taken, an extra measurement was taken with the
shutter closed, and this background signal was subtracted from each collected spectrum to eliminate
ambient noise in the system.

For the measurements taken in this study, 1 s integration times were used. This was done to
achieve consistency in the measurements of specimens with strong emission and weak emission.
Specimens with strong emission must have a reduced integration time to avoid flooding and po-
tentially damaging the CCD camera. Conversely, specimens with weak PL emission require longer
integration times to achieve a large enough signal to noise ratio. For the specimens used in this
study and this experimental setup, the 1 s integration time allowed the best balance between the

two.
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3.2.2 Confocal PL and Raman System

The second system used in this study was a commercially available confocal microscope setup
(WITec, GmbH). This system was utilized for confocal room temperature photoluminescence (PL)
spectroscopy and confocal Raman spectroscopy. This system combines a high resolution confocal
optical microscope, a spectrometer, and a scanning near-field optical microscope (SNOM). PL was
excited with 325 nm (3.82 eV) wavelength light from a HeCd laser and Raman scattering was probed
with 532 nm (2.33 eV) wavelength light from a frequency doubled Nd:YAG laser. The emitted or
scattered light was directed in a backscattering configuration to an optical fiber, which acted as the
confocal pinhole. Light was then dispersed with a 0.3 m monochromator through either a 150 g/mm,
600 g/mm, or 1800 g/mm grating and detected with a thermoelectrically cooled CCD camera. For
532 nm wavelength light, the 150 g/mm, 600 g/mm, and 1800 g/mm gratings resulted in a spec-
tral resolution of about 20.4 cm~!, 5.1 cm™!, and 1.7 em~! (0.578 nm, 0.144 nm, and 0.048 nm),
respectively. Specimens were placed on a piezoelectrically controlled three-axis stage, allowing both
area scans and depth-resolved measurements. A schematic of the complete beam path can be seen

in Fig. 3.1. More details on the components of this system are described in the following sections.

Laser

Several continuous wave (cw) excitation sources were used in conjunction with the confocal spec-
troscopy system. The same Kimmon IK3151R-E HeCd laser from the PL setup was primarily used
for PL excitation at 325 nm (3.82 ¢V). The 532 nm (2.33 €V) line of a frequency doubled Nd:YAG
laser was primarily used for Raman measurements. The maximum fiber output power from the
Nd:YAG laser was approximately 50 mW. The 488 nm and 514.5 nm lines of a Beamlok 2065-7S
Ar ion laser from Spectra-Physics were also used for Raman and PL measurements. An optical
fiber output power of about 2 mW and 10 mW were achieved for the 488 nm and 514.5 nm lines,

respectively. The Ar ion laser was cooled by a closed-loop water heat exchanger.

Optical Fibers/Confocal Pin-hole

Optical fibers were utilized to direct the beam from the laser output to the microscope; different
fibers from OZ Optics Limited were used depending on the laser. For the 532 nm line of the Nd:YAG
laser and the 488 nm line of the Ar ion laser, a 3.5 pm core diameter pure fused silica core high power
polarization maintaining patch cord was used. This fiber was optimized for 488 nm wavelength light

and was not able to transmit UV light efficiently. Therefore, for the 325 nm line of the HeCd laser,
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Figure 3.1: Schematic of the beam path for the WITec, GmbH confocal system.

a UV high power single mode fiber with 2 pm diameter core was used. Maintaining polarization of
the incident light was not crucial for the PL experiments in this study.

An optical fiber was also used to simultaneously act as a confocal pinhole and to direct the
emitted or scattered light to the monochromator. For this application, a high power multi-mode
IR-visible (400-2000 nm) fiber with core diameter of either 100, 50, or 25 pm, depending on the
desired pinhole size, was used. Decreasing the core diameter of the fiber, and thus decreasing the

pinhole size, caused an increase in depth resolution but a decrease in light throughput.

Microscope

Standard microscope objectives were utilized both to obtain optical images of specimens and to focus
laser light onto the surfaces and then subsequently recollect scattered or emitted light. Focusing

the laser light with the microscope objectives allowed a simple method to maximize the laser power
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density. For visible light, either a 10X 0.25NA Nikon objective or a 100X 0.9NA Nikon objective
were used. When analyzing UV light, either a 10X UV objective or a 52X mirror objective were

utilized.

Monochromator

A 0.3 m spectrometer was used in conjunction with the confocal microscope system. Three gratings
were available depending on the desired spectral range and resolution: 1800, 600, and 150 g/mm,

which allowed a spectral resolution of 0.5, 1.0, and 2.0 cm ™!

, respectively. The three gratings were
selected using the computer system of the setup. A thermo-electrically cooled CCD was used to

detect the dispersed light, which was then analyzed on the computer.

Stage

The system utilized a piezoelectrically driven three-axis flexure stage on which fine spatial adjust-
ments could be made to specimens while under the microscope. This enabled the ability to perform
depth scans up to 20 pm below a surface and area scans up to 100 x 100 pm. The spatial resolution
was controlled by selecting the number of points per scan. The spot size using the 10X 0.25NA

Nikon objective was ~1 pm, so the lateral scan resolution was typically set near this value.
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Chapter 4

Results and Discussion

This chapter presents the results obtained from the investigation of the effects of doping ZnO thin
films deposited on sapphire with various concentrations of ReO,. In the first section, the experimen-
tal results obtained from undoped ZnO films deposited on ¢- and r-plane sapphire are presented and
compared to bulk single crystal ZnO. These results show that the ZnO films used in this study exhibit
high crystalline quality with minimal defects and the results are used as a baseline for Re-doped
specimens. The next section presents the results obtained from Re-doped specimens, which are
compared to the results of the undoped specimens. Finally, a plausible explanation of the behavior

observed for Re-doped ZnO is presented.

4.1 Undoped ZnO Films

In this study, the effects of doping Re into ZnO thin films was investigated. Prior to presenting the
behavior of the Re-doped ZnO films, the results of the undoped ZnO films are described. In this
section, the behavior of the undoped films is described and compared to results of bulk ZnO and

similar studies found in the literature.

4.1.1 X-ray Diffraction of Undoped ZnO Films

X-ray diffraction (XRD) was performed at Los Alamos National Laboratory. XRD results were
utilized to characterize the crystallinity of the as-grown films. Undoped ZnO specimens deposited
on c-plane sapphire showed strong (0002)ZnO and (0002)Al,O, peaks. This indicates that the
preferred growth direction was with the ¢ axis perpendicular to the substrate surface. Specimens of

ZnO deposited on 7-plane sapphire substrates exhibited (1120)ZnO and (0224)Al,0, peaks. This
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indicates that these specimens had a preferred growth direction with the ¢ axis parallel to the

substrate surface, consistent with other reports of ZnO grown on r-plane sapphire [83,141].

4.1.2 Raman Spectroscopy of Undoped ZnO Films

Confocal Raman measurements were carried out in a backscattering configuration using the com-
mercial microscope setup (WITec, GmbH) described in Section 3.2.2. The 532 nm wavelength line
of a frequency doubled Nd:YAG laser was used for the Raman experiments. Scattered light was
collected with a 0.3 m monochromator and dispersed with a 1800 g/mm grating. A single crystal
bulk ZnO specimen was also investigated for comparison. Typical Raman spectra of the undoped
ZnO film deposited on c-plane sapphire and the bulk ZnO specimen are shown in Fig. 4.1. Peak
center, full width at half maximum (FWHM), and intensity of all resolvable peaks were determined
using Gaussian peak fits. There are six Raman active vibration modes in ZnO as first reported
by Damen et al. [31]: EX™ at 101 em™', 4; (TO) at 380 cm™!, E; (TO) at 407 cm™!, E5®" at
437 em™t, A; (LO) at 574 em™!, and E; (LO) at 583 cm™!. The Raman spectrum of ZnO was
more extensively described in Section 2.2.2.

For bulk single crystal ZnO a well-resolved Egigh mode was observed. Less intense F; (TO) and
E; (LO) peaks were detected for bulk ZnO as well as several peaks arising from multiple phonon
processes. The EXY and A; peaks were not observed. The experimental setup used incident light
polarized in the z-direction with propagation occurring in the z-direction, and the collected light was
not selectively filtered for polarization. As described in Section 2.2.2, the A; peak is polarized parallel
to the z-axis and therefore should have weak intensity in the Raman spectrum when propagated in
the z-direction. Likewise, the E; (TO) peak is polarized in the zy-plane and should not be intense
in z-direction propagation. Additionally, Damen et al. [31] observed an intense Egigh peak from
bulk single crystal ZnO when scattered light was collected in the z-direction and no other peaks
were clearly observed.

For the ZnO film deposited on c-plane sapphire, an intense peak from the E;‘igh mode was
observed. This was the only ZnO related peak observed from the ZnO film. Ashkenov et al. [32] also
observed an intense Egigh peak from ZnO films deposited on sapphire substrates with little evidence
of any other ZnO related peaks when incident and collected light were parallel to the z-axis. For
the backscattering configuration used in this study, the primary observation of the Egigh peak was
expected.

Additional peaks were observed in the Raman spectrum of the ZnO film specimen at 381.2 cm ™!,
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Figure 4.1: Raman spectra of bulk ZnO and undoped ZnO film deposited on c-plane
sapphire. ZnO Raman modes are indicated on the bulk ZnO spectrum, and sapphire
Raman modes are indicated on the ZnO film spectrum. The ZnO film spectrum is scaled

in intensity, and the spectra are offset for clarity.

419.1 em™1, 578.0 cm™!, and 751.0 cm~!. Ashkenov et al. [32] attributed peaks at the same spectral
locations to Raman active modes of Al,O4 in a study of the Raman spectrum of ZnO films deposited
on sapphire substrates. Krishnan [142] reported Al,O4 to have seven Raman active modes: five E
modes and two A;, modes. Porto et al. [143] reported these Al,O; Raman peaks at 378 cm™!,
418 em™!, 578 em™!, and 751 cm™!. Therefore, the additional peaks are attributed to Al,O,
Raman active modes of the sapphire substrate. Table 4.1 summarizes all of the Raman active modes
of ZnO and Al,O4 reported in the literature, as well as the observed peak centers for the bulk ZnO
specimen and the undoped ZnO films deposited on c-plane sapphire in this study. The observed

phonon mode frequencies of the Egigh peak for the bulk ZnO specimen and the ZnO film deposited

on ¢-plane sapphire agree well with reported values [31] as seen in Table 4.1. The observed E};igh
peak center of the bulk ZnO specimen and the undoped ZnO film also agree well with each other,

which suggests that small amounts of strain are present in the ZnO film. Table 4.1 shows that the

other observed ZnO and Al,O5; mode frequencies also agree with reported values [31,143].
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Table 4.1: Raman peak symmetries and frequencies observed for the undoped ZnO film
deposited on c-plane sapphire. Cells marked with ‘—’ indicate the mode was not clearly

observed.

Undoped ZnO
Bulk ZnO Film Reported
Observed Observed Peak Center
Material Mode Center (cm~!) | Center (cm™!) (cm™1)
ZnO E¥v — 101 [31]
A1(TO) — 380 [31]
E,(TO) 411.7 407 [31]
Ehish 439.0 438.7 437 [31]
A;1(LO) — 574 [31]
E,(LO) 579.0 583 [31]
Al O, E, — 381.2 378 [143)
A — 419.1 418 [143]
E, — 432 [143]
E, — 451 [143]
E, — 578.0 578 [143]
Arg — 645 [143]
E, — 751.0 751 [143]

The A; (TO) and A; (LO) modes were not observed in the Raman spectra of the undoped ZnO
films for the same reasons described above for bulk ZnO. The E; (TO) and E; (LO) peaks were not
observed in the Raman spectra of the undoped ZnO films for two reasons. First, a low laser power
density was utilized in these experiments to avoid altering or damaging the specimens with heat.
This resulted in a spectrum with a lower signal to noise ratio, which made it difficult to resolve low
intensity peaks. Second, the Al,O; Aj, mode at 419 cm™! was in the same spectral region as the
ZnO E; (TO) peak and the Al,O; E, mode at 578 cm™! was near the ZnO FE; (LO) mode thus
making it difficult to resolve these low intensity ZnO modes.

The intensity of light below a surface follows the Beer-Lambert-Bouguer law, I(z)/Iy = e %,

where z is the depth below the surface and « is the absorption coefficient of the material at the
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wavelength of the probing light. For 532 nm wavelength light, the absorption coefficients of ZnO and
Al,O5 are ~5000 cm ™! [144] and ~0.0007 cm ™! [145], respectively. The probing depth is estimated
to be the depth below the surface at which 63.2% of light is absorbed by the material (I/I = 1/e),
which gives a probing depth of 1/« [146]. For a backscattering configuration, both incident and
propagated light travel through the material, so the probing depth is 1/2« [147]. This gives probing
depths of about 10 pm and 6.7 m for ZnO and Al,Og, respectively. A 100 um optical fiber was used
in this study as the pinhole of the confocal microscope. Harriman [147] reported the depth resolution
of the experimental setup used in this study using the 100 pym fiber to be 1.21 pym. Therefore, the
actual probing depth was determined by the depth resolution of the confocal microscope, 1.21 pm.
When focused on the surface of a 100 nm thick film, up to 90% of the probing volume is located in
the substrate. The Raman spectra were collected from a small sampling volume of ZnO relative to
the Al,O4 substrates, and therefore Raman peaks originating from the Al,O; substrate were more
intense than the low intensity ZnO Raman peaks.

The Egigh peak was observed to be well resolved and consistent with the literature. The Egigh
peak has also been extensively studied [33] and was used for comparisons between different specimens
in this study because it was the only ZnO peak observed from the thin film specimens. Decremps
et al. [33] investigated the ZnO Raman peak shifting with pressure and reported the A; (TO),
E, (TO), EY8" and E, (LO) peaks to shift about 5 cm~!/GPa and the EX™ peak to shift about
—1 cm™!/GPa. Wermelinger et al. [35] investigated the stress field around a Vickers microindentation
as indicated by Raman peak shifting and observed the same spectral shifting behavior of the A;
(TO), E; (TO), and Egigh peaks. Therefore, the Egigh peak should be representative of the other
Raman peaks for the purposes of this study.

Figure 4.2 shows the Raman spectra of undoped ZnO films deposited on c-plane sapphire and
r-plane sapphire. The r-plane sapphire substrate specimen exhibited the same peaks as the c-plane
sapphire substrate specimen: the ZnO E;igh peak and four Al,O; peaks. Sparks and Paesler [7]
utilized Raman peak spectral shifting to quantify the residual stress of milled Ge and Si using the
hydrostatic stress dependence of the Raman peaks. For the case of milled Ge and Si, the stress state
was likely close to hydrostatic. Although further investigation would be required to definitively
characterize the state of stress of the ZnO films analyzed in this study, a biaxial state of stress is
expected. The spectral shift of the ZnO E;igh peak as a function of in-plane strain was recently
reported by Liu et al. [148] to be about —6.67 cm~!/%. The peak center of the Egigh peak for the
film deposited on r-plane sapphire shifted 1.3 cm™! to a higher wavenumber, which correlates to

increased residual compressive in-plane strain of about 0.2 % using the reported spectral shift of the
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Figure 4.2: Raman spectra of ZnO films deposited on c-plane and r-plane sapphire. Plots

are on the same intensity scale, but have been offset for clarity.
Egigh peak with strain. In Section 3.2.2, the spectral resolution of the setup used was reported to
be 1.7 em~!, which indicates the ability to resolve multiple peaks from one another. Typically peak
center identification accuracy for a single peak is reported to be 3 or 4 times better than the spectral
resolution of the instrument [149,150], in this case about 0.5 cm~!. The residual strain of ZnO
grown on c-plane sapphire results from a lattice mismatch of 18% and thermal expansion coefficient
of -2.4% [83]. For ZnO grown on r-plane sapphire, a lattice mismatch of 18% along ZnO[1100] and
1.5% along ZnO[0001] causes the residual strain [83]. Therefore, differences in the residual strain
levels of the films deposited on c-plane and r-plane sapphire substrates are expected when using the
same deposition parameters.

Variation of film thickness has potential of affecting the Raman Egigh peak center for the different
specimens. Myoung et al. [75] investigated the effects of film thickness on the optical properties of
ZnO films. It was reported that the effects of strain from lattice mismatch were completely relaxed
for film thickness greater than 400 nm, which indicates that the 100 nm nominal thickness ZnO films

of this study may be sensitive to film thickness. A quantitative measure of the residual stress of ZnO

films as a function of film thickness has not been reported, so the effect of variation in film thickness
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on Raman peak shifting is difficult to quantify. Measurement of the film thickness and quantitative
investigations of the effects of film thickness would be useful to validate the peak shifting behavior
presented in this study. Relative intensities of the Al,O5 related peaks were different between
the two specimens as a result of the different crystallographic orientations of the substrates. The
FWHM of the ZnO Egigh peak was slightly larger for the r-plane sapphire substrate specimen at

1 as compared to about 9.5 cm™! for the c-plane sapphire substrate specimen.

approximately 11 cm™
Lattice vibrations are sensitive to lattice distortion, and spatial variation of strain within the Raman
probing volume results in peaks with a larger FWHM. A difference in the relative intensity of the
E}Q1igh peak and Al,O, peaks was observed between the two specimens. The relative intensity of the
Egigh peak was observed to decrease by about 70% for the r-plane sapphire substrate specimen. This
may partly be due to the different crystallographic orientations of the films. However, specimens of
poor crystalline quality also exhibit low intensity Raman peaks. Therefore, a plausible explanation
of the higher FWHM and lower relative intensity of the r-plane sapphire substrate specimen E};igh
peak is increased disorder, such as that caused by an increased number of point defects. Raman
peak intensity also fluctuates as a function of film thickness. Investigations of the effects of film
thickness on Raman peak intensity have revealed relatively small changes in intensity as a function
of thickness: for a 5% change in thickness, Raman peak intensities were reported to vary by about
3% for NaS [151] and 4% for an active pharmaceutical ingredient polymer coating [152]. These
values were obtained by interpolating the reported results from each publication. Assuming that

film thickness variation in this study is no greater than 5%, the 70% decrease in Raman peak

intensity cannot be attributed solely to film thickness variaton.

4.1.3 Photoluminescence of Undoped ZnO Films

Photoluminescence (PL) measurements of ZnO films deposited on both ¢-plane and r-plane sapphire
substrates were carried out using the setup described in Section 3.2.1 with the 325 nm wavelength
line of a HeCd laser. Measurements were taken at specimen temperatures ranging from 4.2 K to
300 K. Emitted light was directed into a 0.5 m monochromator, dispersed by a 2400 g/mm grating,
and detected with a LN,-cooled charge-couple device (CCD) camera.

Wurtzite structures typically exhibit three free exciton radiative recombinations, referred to
as the FX,, FXp, and FX, transitions, consistent with the Birman model [36] and described in
Section 2.2.3. Reflection, absorption, and PL techniques have revealed these transitions to occur

for ZnO at 3.377 eV, 3.39 eV, and 3.42 eV for FX,, FXp, and FX_,, respectively, and excited state
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transitions have been observed at 3.422 eV, 3.43 eV, and 3.47 eV for FX3=2 FX5=2, and FXg&=2,
respectively [42]. Reynolds et al. [19] estimated the binding energy of ZnO by taking the difference
in the energies of the ground and excited state transitions with the assumption that the excited

state is hydrogen-like, or using the Rydberg formula:

1 1
Ephoton = FEy (le - 72)

na

For example, the difference between the ground and excited states of the A-exciton transition,
FX%=2 — FX%~!, is 45 meV. This yields a binding energy of 45/0.75 = 60 meV.

Excitons bound to dopants or lattice defects can also lead to radiative recombination in ZnO.
In high quality bulk ZnO, emission is typically dominated by neutral donor bound exciton (D°X)
emission as a result of unintentional impurities, which are typically observed in the range of 3.348 eV
to 3.374 eV with FWHM less than 1 meV [24]. In one naming convention, the bound exciton peaks
are labeled I; to I;; and for simplicity this nomenclature is used here. The origin of many of these
peaks has been controversial over the years, and whether some of the peaks result from neutral
donor or acceptor bound excitons has been a subject of debate [24,38,41]. The peaks I3 through
Ig are commonly attributed to A-excitons bound to neutral donors and are typically the most
prominent [24]. The Iy through I;; peaks have been identified both as neutral acceptor [24] and
neutral donor [41] related. The binding energy, or localization energy, of the donor bound excitons
to the related donors has been found to range from about 10 to 20 meV [24].

Two electron satellites (TES) are commonly observed for ZnO in the range of 3.32 to 3.34 eV
and are a result of the donor remaining in the excited state when radiative recombination of neutral
donor bound excitons occurs [24]. Donor acceptor pair (DAP) transitions have also been observed
for ZnO near 3.22 eV. LO-phonon replicas are expected to appear in the PL spectra of ZnO. The
reported LO-phonon energy of ZnO is 72 meV [22], and thus LO-phonon replicas of ZnO appear
with a separation of about 72 meV from the related transition energy.

The near band-edge PL spectrum at 20 K obtained from the film deposited on c¢-plane sapphire is
shown in Fig. 4.3. Also shown in Fig. 4.3 is the PL spectrum of bulk single crystal ZnO as presented
by Hamby et al. [52]. The absolute intensities of the spectra of the bulk ZnO and the ZnO film
were scaled for viewing clarity and cannot be compared because different experimental setups were
used. The magnified scale shown for bulk ZnO was maintained as originally presented by Hamby
et al. [52] to better show the FX, peak. Several intense donor bound exciton peaks were reported
in the spectrum of bulk ZnO at 20 K in the spectral region of 3.360 to 3.368 eV. In addition to

DX emission, Hamby et al. reported a broad TES peak at about 3.332 eV [153] and free exciton
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Figure 4.3: Comparison between the PL spectra of the undoped ZnO film on a c-plane

sapphire substrate and bulk ZnO as presented by Hamby et al. [52].

emission FX, at 3.378 eV [52]. The undoped ZnO film exhibited peaks at similar spectral locations
as bulk ZnO but with some distinct differences. In general, peaks were observed to be wider for the
ZnO film, ranging from about 6 to 10 meV. Increased PL peak widths are typically observed for
thin films of semiconductor materials as compared to bulk as a result of lower crystalline quality.
For the ZnO film deposited on c-plane sapphire, a resolvable FX, peak was observed near
3.377 eV consistent with reported values in the literature [19,42,52]. Compared to reported results
for bulk single crystal ZnO, the intensity of the FX, peak was higher relative to the other observed
peaks. This is likely a result of a lower absolute intensity of the donor bound exciton peaks compared
to the reported results for bulk ZnO rather than an increase in the absolute intensity of the FX,
peak. The intensity of the peaks related to excitons bound to donors or acceptors depends on
the donor or acceptor species and the amount of contaminant present. Therefore, the different
contaminants present and different quantities of the contaminants in the undoped film as compared

to the bulk specimen investigated by Hamby et al. [52] may be respounsible for this relative intensity
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difference. The temperature dependent behavior of the PL was investigated similar to the work of
Hamby et al. [52]. The behavior of the PL spectrum of the ZnO film deposited on ¢-plane sapphire
with temperature is shown in Fig. 4.4. At low temperatures, ZnO PL is typically dominated by
emission from excitons bound to neutral donors, whereas at higher temperatures free exciton emission
dominates. The FX, peak was well-resolved when the specimen temperature was increased above
10 K, and became the most intense peak at temperatures greater than 50 K. At temperatures above
150 K, it became difficult to resolve individual peaks due to peak broadening. Analysis of the energy
shift of the FX, peak as a function of temperature can be used to characterize the behavior of a
material, such as the lattice dilatation and electron-phonon interaction [53]. Similar to Hamby et
al. [52], a least squares routine was used to fit the temperature dependent behavior of the FX, peak

to the Manoogian-Woolley (MW) model:
E = Ey+UT?® + VO[coth(6/2T) — 1].

The MW model is an improvement upon the commonly used Varshni equation [54], which fails to
account for the case when the temperature range is less than the Debye temperature (fp) [53].
The MW model has previously been applied to II-VI semiconductors such as CdTe [55], CdS [56],
and ZnO [52]. In the MW equation, Ej represents the theoretical band gap at T = 0 K, UT®
is the lattice dilatation, and V@[coth(6/2T) — 1] is the electron-phonon interaction. Hamby et
al. [52] achieved reasonable agreement between the value obtained for U and the theoretical estimate,
U = —3B(0E4/0P)ay, [55], using reported properties of ZnO: B = 157 GPa, 0E,/0P = 2.7 x
1075 eV/bar, and oy = 4.3 x 1076 K=1. Hamby et al. [52] found V to fall within an order of
magnitude of the reported temperature shift for ZnO, —8 x 10~ eV /K [154].

The temperature dependent shift of the transition energy of several of the observed peaks, as well
as the MW fit for the FX, peak, for the ZnO film deposited on c-plane sapphire is shown in Fig. 4.5.
The coefficients obtained for the ZnO film deposited on c-plane sapphire were: Fy = 3.378 eV,
U=-98x10"5eV/K!01 § =139,V =-20x10"% eV/K, and 6 = 574.6 K. These values agree
with those reported by Hamby et al. [52] for bulk ZnO, which will be described in more detail in
Section 4.2. A comparison between the temperature dependent behavior of the FX, peak for the
undoped ZnO specimen deposited on c-plane sapphire and the reported results of Hamby et al. [52]
is shown in Fig. 4.6. The Debye temperature (fp) is part of the Debye model, which approximates
the lattice contribution to the specific heat of a material [13]. 6p represents the highest temperature
achievable by a single normal vibrational mode, and quantum effects can be observed at temperatures

lower than fp. fp can be estimated using 6 from the MW model as 0p = 46/3 [53]. This yields a

42



PL Intensity (arb. units)

3.150 3200 3250 3300 3350 3.200 3.250 3.300 3.350 3.400
Energy (eV)
Figure 4.4: Typical temperature dependent PL spectra observed from the undoped ZnO

films deposited on c-plane sapphire. The plots have been scaled in intensity relative to

the spectrum collected at 4 K to the value in the top right corner of each plot.
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Debye temperature of about 766 K for the undoped film on c-plane sapphire, which is comparable
to the reported value for ZnO, 920 K [18]. For bulk single crystal ZnO, Hamby et al. [52] obtained

a Debye temperature of 531 K.
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Figure 4.5: Temperature dependent behavior of several different near band-edge emission
lines from the undoped ZnO film deposited on ¢-plane sapphire. All peak centers were
determined using Gaussian curve fits. FX, (theoretical) was calculated using the band

gap energy of ZnO minus the exciton binding energy.

At temperatures lower than 50 K, strong emission was observed from the undoped ZnO film near
3.364 eV with a resolvable shoulder on the high energy side of the peak. This peak falls within the
spectral range of the DYX peaks reported by Hamby et al. [52] for bulk single crystal ZnO. A good
fit to the experimental data was achieved using two Gaussian peak fits: one for the strong peak
and one for the shoulder. The stronger peak was found to have a peak center at 3.362 eV. The
localization energy, or the exciton binding energy to the donor, can be approximated by subtracting
the peak energy from the transversal free A-exciton energy (reported at 3.3759 eV) [41]. For this

peak, this method yields a localization energy of 13 meV. The temperature dependent behavior of
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Figure 4.6: Comparison of the MW fit between the ZnO film deposited on c-plane sap-

phire and bulk single crystal ZnO as reported by Hamby et al. [52].

the peak can also be used to approximate localization energy [52]. The localization energy in turn
gives evidence to the type of recombination occurring. By plotting the natural logarithm of the
normalized total intensity (FWHM xintensity) of the D°X peak as a function of the inverse of the
temperature, the slope of the linear portion of the curve gives an approximation of the localization
energy in K. The Boltzmann constant, k, can then be used to convert the localization energy to
meV, Epe(meV) = 8.61733 x 1072 By, (K). Figure 4.7 shows this plot for the strongest peak in the
DX region for the ZnO film deposited on c-plane sapphire. The slope of the linear portion of the
curve gives a localization energy of 10 meV. Thermal quenching, or the reduction in luminescence
efficiency, typically occurs as non-radiative relaxation pathways are created by thermal mechanisms
and the probability of non-radiative recombination increases [155,156]. The linear fit in Fig. 4.7 is
only an approximation: the total normalized intensity will go to zero (or the natural logarithm of
the total normalized intensity approaches minus infinity) as temperature is increased and the PL
emission is completely quenched.

Meyer et al. [41] reported the I, peak at 3.3628 eV with localization energy of 13.1 meV. Zheng
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Figure 4.7: Natural logarithm of the normalized total intensity of the ZnO deposited on
c-plane sapphire D°X peak plotted against the inverse of temperature. The slope of the

linear portion approximates a localization energy of 10 meV.

et al. [141] reported the I, peak as the most intense emission at low temperatures from ZnO epitaxial
films grown on r-plane sapphire. Therefore, in the present study, the peak centered at 3.364 eV with
an estimated localization energy of 10 meV is being attributed to the Iy peak. Meyer et al. [41]
utilized magnetic resonance techniques to attribute this peak to H shallow donors. Additionally,
they reported that this peak was often observed in specimens prior to annealing. After annealing,
the peak was reported to decrease substantially in intensity, potentially a result of the removal of H
at high temperatures.

The shoulder on the I, peak was centered at 3.369 eV and was only resolvable at temperatures
below 20 K. Meyer et al. [41] reported the I3, I, and I3 peaks to be centered at 3.3718 eV, 3.3674 eV
and 3.3665 eV, respectively. Based on the spectral location of the shoulder, this could be the Iy,
I, or I3 peak. Reynolds et al. [38] attributed the Iy and I3 peaks to ionized donor bound exciton
complexes. Further studies would be required to determine the origin of this peak.

A difference between the undoped ZnO film specimen deposited on c-plane sapphire and reported
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results for bulk ZnO was observed near 3.33 eV. While both specimens showed a peak near this
location, the intensities relative to the neutral donor bound exciton emission were different. For
bulk ZnO, Hamby et al. [153] attributed this peak to two electron satellites (TES) of the neutral
donor bound exciton emission.

Each of the neutral donor bound exciton emission peaks I, through Iy has been shown to have a
corresponding TES peak [41]. Using effective mass theory, Thonke et al. [47] showed that the TES
peaks should be separated from the corresponding donor bound exciton peaks by 3/4 of the donor
binding energy. The intensity of the TES emission is typically orders of magnitude less than the
neutral donor bound exciton emission. Teke et al. [42] reported the TES of the I peak at 3.3268 eV.
However, the intensity being stronger than that of the I, peak suggests that another recombination
mechanism exists in addition to a TES.

Peaks have been observed in the PL spectra of ZnSe [48,50] and ZnTe [49] that were the result
of localized recombination at extended defects. Meyer et al. [41] reported a peak at 3.333 eV in a
bulk ZnO specimen, and by analyzing the activation energy of the emission, theorized that the peak
was similar to those observed for ZnSe and ZnTe. Using spatially resolved cathodoluminescence
(CL) spectroscopy on a bulk ZnO specimen with this feature, Meyer et al. [41] reported that the
3.333 eV band was localized and appeared to correlate with structural irregularities in the specimen.
It was concluded that the 3.333 eV line, named DBX, was related to excitons bound to structural
defects. The peak near 3.33 eV observed in the ZnO film in this study is probably a combination of
a TES of the I; peak and DBX emission. The peak is skewed toward the low energy side of center,
which indicates a more intense DBX line near 3.333 eV and less intense TES peak near 3.327 eV.
The observation of the DBX peak may indicate that the ZnO film has a relatively large number of
structural defects as compared to bulk ZnO. These structural defects may be related to extended
defects, such as grain boundaries. In this case, the lack of grain boundaries in the bulk single crystal
ZnO describes the lack of the DBX peak in the PL spectrum. The ability to resolve neutral donor
bound exciton emission and free exciton emission is consistent with ZnO films with relatively high
crystalline quality, but when compared to high quality bulk ZnO a relative decrease in crystalline
quality is expected.

Less intense peaks were observed in the PL spectra of both bulk and film ZnO specimens at lower
energies corresponding to LO-assisted recombination associated with the more intense peaks, with a
spacing approximately equal to the LO phonon energy of ZnO (72 meV [22]). Teke et al. [42] observed
first-, second-, and third-order LO-assisted peaks from DX, TES, and DAP emission separated in
intervals of 71-73 meV from the related peak. Figure 4.8 identifies the 1LO (DBX) and 2LO (DBX)
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Figure 4.8: PL spectrum of the undoped ZnO film deposited on c¢-plane sapphire showing
the LO-phonon replicas of the DBX peak at 10 K.

peaks, which were observed at energies 72 meV and 144 meV below the DBX line, respectively. The
origin of the additional peak on the high energy side of the 1LO (DBX) peak is unclear. Based on
spectral location, this could be a LO-phonon replica of a TES peak. The first-order LO-assisted
replica of the D?X peak was not observed from this specimen, possibly a result of being overwhelmed
by the DBX/TES peak. A very low intensity peak near 3.22 eV was observed, which may be the
second-order LO assisted DX peak. For measurements taken at temperatures below 100 K the most
intense peak in the PL spectrum, whether DBX or DX, exhibited evidence of LO-phonon replicas.
At higher temperatures where free exciton emission became dominant, LO-assisted peaks were not
observed.

Overall, the ZnO films deposited on c-plane sapphire exhibited more intense emission than films
deposited on r-plane sapphire, as shown in Fig. 4.9. The FWHMSs of the resolvable peaks were
comparable between the two sets of specimens. The FX, peak was more resolvable in the spectrum
of the film deposited on c-plane sapphire. The more intense overall emission and resolvable FX ,

peak indicated that the specimen deposited on c-plane sapphire was of higher crystalline quality.
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Figure 4.9: PL spectra of ZnO films deposited on c-plane sapphire and r-plane sapphire

at 20 K. The spectra are plotted on the same absolute intensity scale.

The optical response of ZnO films deposited on r-plane sapphire has been reported to depend
strongly on growth parameters. Zheng et al. [141] observed differences in the PL spectra of ZnO
films deposited on r-plane sapphire when grown at different temperatures. At growth temperatures
of 500 °C and 550 °C strong near band-edge emission was observed, similar to the spectrum of bulk
Zn0O. However, at 450 °C the spectrum was dominated by a broader peak centered near 3.37 eV.
Stronger emission from ZnO deposited on r-plane sapphire as compared to c-plane sapphire has also
been reported [157]. The optical response of ZnO films is sensitive to growth parameters and film
thickness, and thus direct comparisons to the literature are difficult.

The origin of the visible emission of ZnO has been a subject of controversy for many years. The
emission has been attributed to Cu impurities [60], oxygen defect centers Vi, with Zn defect centers
V. [63,64], Zn interstitial defects Zn; [68], oxide antisite defects O, [69], and free carrier depletion
at the surface [62]. The visible emission is likely a result of several of these defects. The visible
emission has been used as indication of quality of ZnO films, where a higher near band-edge emission
to visible emission intensity ratio indicates that fewer point defects exist. Du et al. [70] reported

intense NBE emission with no resolvable visible emission from ZnO nanoparticles encapsulated in a
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PMMA matrix. The quenched visible emission was attributed to defects being eliminated from the

surface of the nanoparticles.
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Figure 4.10: Room temperature PL of ZnO films deposited on c-plane and r-plane sap-

phire. The spectra are plotted on the same absolute intensity scale.

Room temperature PL spectra of the ZnO films deposited on ¢ and r-plane sapphire were
collected in a backscattering configuration using the commercial confocal microscope system (WITec,
GmbH) described in Section 3.2.2. Figure 4.10 shows visible emission similar in intensity between
the specimens deposited on c-plane and r-plane sapphire. However, the near band-edge emission
observed was an order of magnitude greater in intensity for the specimen deposited on c-plane
sapphire. The intense near band-edge emission suggests that fewer point defects exist, as does the
increased near band-edge to visible emission ratio. A low intensity peak centered near 3.4 eV was
observed in the PL spectrum of the undoped film deposited on c-plane sapphire, which was not
observed for the undoped film deposited on r-plane sapphire. Muth et al. [73] reported optical
transmission peaks at 295 K from ZnO films deposited on c-plane sapphire related to free exciton
emission FX,, FXg, and FX centered at 3.40 eV, 3.45 eV, and 3.55 eV, respectively. The higher
intensity of the PL emission of the film deposited on c-plane sapphire near 3.4 eV may be a result

of weak free exciton emission from this specimen.
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In this section, the Raman and PL spectra of ZnO deposited on ¢- and r-plane sapphire substrates
were compared to measured and reported results for bulk single crystal ZnO. The results suggested
that the ZnO deposited on c-plane sapphire exhibit higher crystalline quality than ZnO deposited
on r-plane sapphire, possibly a result of fewer point defects. The ZnO films were shown to exhibit
donor bound exciton emission and free exciton emission similar to that reported for bulk ZnO. The
DBX peak was also observed for the ZnO films, which Meyer et al. [41] attributed to excitons bound

to structural defects.

4.2 ReO,y-Doped ZnO Films

In Section 4.1, the undoped ZnO films deposited on ¢- and r-plane sapphire substrates were shown
to have Raman and PL spectra that were consistent with results for bulk single crystal ZnO. The
effects of doping ReO, in ZnO films is presented below using the results for the undoped ZnO films

as a baseline.

4.2.1 X-ray Diffraction of ReO,-Doped ZnO Films

As described in Section 4.1.1, XRD peaks were observed from ZnO and Al,O4 for ZnO grown on
both ¢- and r-plane sapphire substrates. XRD patterns of the doped specimens were very similar
with the exception of the 50 wt. % ReO,-doped film on ¢-plane sapphire, which showed a decrease
in intensity of the (0002)ZnO peak and the appearance of a well resolved (0002)ReO,, peak.

The lack of the ReO, peak at doping concentrations as high as 20 wt. % may give some indication
of the Re doping saturation concentration in ZnO. Jin et al. [108] investigated the solubility limits
of Sc, Ti, V, Cr, Mn, Fe, Co, Ni, and Cu ions in ZnO. Solubility limits were determined by the
appearance of impurity peaks in the XRD pattern. For each transition metal ion, it was reported
that below solubility limits, the wurtzite structure of ZnO was maintained. Jin et al. attributed the
appearance of impurity peaks to the existance of precipitated phases. Therefore, a plausible expla-
nation of the XRD results of the present study is that at low concentrations of Re, the ZnO wurtzite
structure is maintained, and at doping concentrations greater than saturation, a precipitated phase
of ReO,, forms. This would explain the appearance of the ReO, peak in the diffraction pattern from
the 50 wt. % ReO, specimen. At lower doping concentrations, the amount of ReO, may be too low

to be detected by XRD if it exists.
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4.2.2 Raman Spectroscopy of ReO,-Doped ZnO Films

Figure 4.11 shows typical Raman spectra for ZnO films doped with varying concentrations of ReO,
deposited on c- and r-plane sapphire. For each of the specimens, the F; and A;4 peaks attributed to
Al, O, were observed as a result of the substrate. The ZnO Egigh peak was observed in the spectrum
of each specimen near 438 cm™', and no other ZnO related peaks appeared. The Raman peaks
related to Al,O5 and ZnO were described in more detail in Section 4.1.2. No additional peaks were
observed as a result of doping the films with ReO,. The Raman spectrum of crystalline ReO, has not
been extensively studied. Kuzmin et al. [158] investigated the Raman spectrum of (1 —2)WO3_,, -
2ReO, mixtures with z as large as 0.81, and no ReO, related peaks were reported. Kuzmin et al.
attributed the lack of a ReO,, related peak to the high symmetry and metallic conductivity of ReO,,
both of which reduce Raman activity. If precipitated phases of ReO, are forming in the films, the
amounts are too small to create a resolvable Raman peak. The apparent slope of the background
in the plots is a result of the visible PL background, which is emphasized more on the plots with
larger intensity scaling.

The ES®" mode was the only ZnO-related peak observed for the undoped and doped ZnO
specimens as described in Section 4.1.2. A Gaussian curve was fit to the E5 8" peak for each of the
specimens, from which the peak center and FWHM were determined. An increase in the intensity
of the Egigh peak at low ReO, concentrations relative to the intensity of the Al,O, peaks was
observed. Figure 4.12 shows the intensity ratio of the ZnO Egigh peak to the Al,O3 A, peak
for the ZnO films deposited on ¢- and r-plane sapphire as a function of ReO, concentration. For
the films deposited on c-plane sapphire, the 5 wt. % ReO, specimen showed the strongest relative
E}Qligh intensity, and for the films deposited on r-plane sapphire the 5 wt. % and 10 wt. % ReO,
specimens showed the strongest relative intensity. Above these ReO, concentrations a decrease
in the relative intensity was observed for both ¢- and r-plane sapphire substrate specimens. The
50 wt. % ReO, specimen deposited on r-plane sapphire exhibited no distinguishable E;’igh peak. The
low intensity peaks observed in the Raman spectrum of this specimen in the region of the E;‘igh peak
are centered at 431.5 cm ™! and 450.2 cm ™! and are attributed to Al,O, E, modes that have been
reported at 432 cm~! and 451 cm ™!, respectively [143]. As described in Section 4.1.2, specimens of
poor crystalline quality exhibit low intensity Raman peaks. The behavior shown in Fig. 4.12 may
indicate that small doping concentrations (5 to 10 wt. %) of ReO, increase the crystalline quality
of the ZnO films, but higher doping concentrations decrease the crystalline quality.

The peak center position determined from the peak fit of the Egigh mode for each specimen is
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Figure 4.11: Typical Raman spectra of ZnO thin films doped with varying concentrations
of ReO, deposited on c- and r-plane sapphire. The plots have been scaled in intensity

to the value in the top right corner of each plot.
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Figure 4.12: Intensity ratio of the ZnO Egigh peak to the Al,O4 A1g peak as a function

of ReO, concentration for ZnO films deposited on c- and r-plane sapphire.

shown plotted as a function of ReO, doping concentration in Fig 4.13. In Section 4.1.2 the peak
center identification accuracy was reported to be about 0.5 cm™!. Most of the spectral shifts observed
were greater than the estimated accuracy of the instrument. The strain scale in Fig. 4.13 is based on
the documented shift of the 5" peak with in-plane strain from the literature, —6.67 cm~1/% [33],
and the assumption that the unstrained peak is centered at 438 cm~'. Zheng et al. [141] observed
positive shifts in the Egigh mode spectral position with increasing compressive strain as characterized
by XRD. The ZnO Raman mode from the specimen doped with 50 wt. % ReO, on r-plane sapphire
was too weak to be detected, and does not appear in the plots. The behavior of the E};gh peak center
as a function of ReO, doping concentration are similar to the relative intensity behavior shown in
Fig. 4.12. This indicates that low ReO, concentrations relieve the compressive strain in the films,
but higher doping concentrations increase the compressive strain.

Figure 4.14 shows the FWHM of the Egigh peak as a function of ReO, concentration. At
concentrations up to 20 wt. % ReO,, the FWHM exhibited little variation. However, an increase
in the FWHM of the E;igh peak was observed for the 50 wt. % ReO, film on the c-plane sapphire
substrate. The Egigh peak was not observed for the 50 wt. % ReO, film on the r-plane sapphire
substrate and thus cannot be compared. In general, a larger FWHM of the Egigh peak of films

deposited on r-plane sapphire was observed compared to films deposited on c-plane sapphire. A
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plausible explanation for this behavior was presented in Section 4.1, which is that the film deposited
on r-plane sapphire exhibited more disorder, such as that caused by an increased number of point
defects. Extending this explanation to ReO,-doped specimens, it is implied that the 50 wt. % ReO,
specimen deposited on c-plane sapphire exhibits structural disorder similar to the undoped specimen

deposited on r-plane sapphire.
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Figure 4.13: Raman peak center of the ZnO Egigh peak and correlating in-plane com-
pressive strain as a function of ReO,, doping concentration for ZnO films deposited on c-

and r-plane sapphire.

A possible explanation of the XRD results was presented in Section 4.2.1: the wurtzite struc-
ture of ZnO may be maintained for small Re doping concentrations, but at larger concentrations
precipitated ReO, may form. At doping concentrations of 5-10 wt. % ReO,, the Raman peak shift-
ing results showed that residual compressive stress levels in the films decreased, and the relative
intensity ratios of the ZnO and Al,O5 Raman peaks suggested that crystalline quality increased. At
higher doping concentrations, Raman peak shifting indicated increased compressive stress levels and
relative intensities suggested decreased crystalline quality. Shannon [159] reported the ionic radius of
Re to range from 0.67-0.77 A depending on the charge, as compared to 0.88 A for Zn?*. A plausible
explanation for the decrease in compressive stress in the films at low Re doping concentrations is

that Re ions are substituting at Zn sites, as the smaller ionic radius of Re would relieve strain.
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Figure 4.14: ZnO Egigh peak FWHM as a function of ReO, doping concentration for

ZnO films deposited on ¢- and r-plane sapphire.

4.2.3 Photoluminescence of ReO,-Doped ZnO Films

The effect of doping ZnO with ReO, was further investigated by analyzing the near band-edge PL
spectra of each of the specimens. Figures 4.15, 4.16, and 4.17 show the PL spectra of both ¢- and r-
plane sapphire substrate specimens for each ReO, concentration at temperatures of 10 K, 20 K, and
77 K, respectively. At 10 K, the D°X peak was observed in the spectra of all specimens. At doping
concentrations of 5 wt. % ReO,, the absolute intensity of the DX peak increased by a factor of
about 2 compared to the undoped specimens. Figure 4.16 shows that at concentrations higher than
5 wt. % ReO,, DX peak intensity decreased with increasing doping concentration. This behavior is
similar to the Raman spectroscopy results presented in Section 4.2.2, which showed that the relative
intensity of the ZnO Raman peak compared to the sapphire substrate Raman peak increased at
doping concentrations of 5 wt. % ReO,, then decreased with increasing doping concentration. A
discrepancy was observed in this behavior for the 20 wt. % ReO,-doped ZnO film deposited on
c-plane sapphire at 10 K. For this specimen, an increase in the intensity of the DX peak was
observed compared to the 10 wt. % ReO, specimen. The DBX peak for this specimen was of very
low intensity. This behavior may be a result of the quenching of the DBX emission mechanism for
the 20 wt. % ReO, film, which allowed an increased efficiency of the D°X recombination mechanism.

As temperature was increased, quenching of the DBX mechanism for the other specimens started to
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occur, and therefore this discrepancy was no longer observed for the 20 wt. % ReO, film at higher
temperatures.

The peak designated to be a combination of TES and DBX emission for the undoped specimens
in Section 4.1.3 decreased in intensity for the Re-doped specimens. As described in Section 2.2.3,
the DBX peak is attributed to excitons bound to structural defects, possibly extended defects such
as grain boundaries. The decrease in intensity of this peak with increasing Re doping concentration
may suggest that the Re ions reduce the number of these extended defects in the ZnO films. The
spectra at 20 K show low intensity FX, peaks for c-plane sapphire substrate specimens doped with
up to 20 wt. % ReO,. At 77 K, FX, emission was observed from all specimens except those doped
with 50 wt. % ReO,. Reynolds et al. [19] were the first to observe free exciton emission from bulk
ZnO only after high quality bulk ZnO specimens became available. The ability to resolve the FX ,
peak suggests that the ZnO films are of high crystalline quality. The less intense FX, peak observed
from the r-plane sapphire substrate specimens and the specimens doped with high Re concentrations
may be the result of an increased number of point defects. The type of defect caused by the Re ions
when incorporated into the ZnO lattice structure may explain this behavior. One possibility is that
at low Re doping concentrations, Re ions substitute at Zn sites, but with an increasing number of
Re ions, a higher percentage of the Re ions are forced into interstitial sites. The feasible explanation
first presented in Section 4.2.1 was that ReO, phases precipitate at high Re doping concentrations.
This could also explain the decrease in overall emission intensity at high Re doping concentrations.

The natural logarithm of the normalized total intensity (FWHM xintensity) of the D°X peak
was plotted as a function of inverse temperature for each of the Re-doped specimens to approximate
the localization energies. Figure 4.18 shows the plots for the undoped, 5 wt. % ReO,,, and 50 wt. %
ReO, specimens on c-plane sapphire, and the undoped and 5 wt. % ReO, specimens on r-plane
sapphire. For the r-plane sapphire substrate specimens, the D°X peak was not resolvable at a wide
range of temperatures for high doping concentrations. Therefore, only the 5 wt. % ReO, specimen
is shown. Table 4.2 shows the localization energies of the D°X transition for all specimens. Each of
the localization energies were calculated to be near the 10-20 meV range expected for D°X emission.
Within experimental uncertainty, these results agree with results for bulk ZnO [52]. Therefore, the
peaks observed near 3.36 eV for the Re-doped specimens are also being attributed to D°X emission.
Low doping concentrations appear to increase the localization energy of the D°X peak slightly, but
the cause of this is currently unknown.

As shown in Fig. 4.17, free exciton emission FX, was observed from all of the specimens at

77 K except those doped with 50 wt. % ReO,. The undoped, 5 wt. % ReO,, 10 wt. % ReO.,,

57



x10

PL Intensity (arb. units)

3.250

3.350

Energy (eV)

3350 ¢

Figure 4.15: Near band-edge emission at 10 K from ZnO deposited on c- and r-plane

sapphire doped with various concentrations of ReO,. The plots have been scaled in

intensity relative to the undoped c-sapphire substrate specimen to the value in the top

right corner of each plot.
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Figure 4.16: Near band-edge emission at 20 K from ZnO deposited on c- and r-plane
sapphire doped with various concentrations of ReO,. The plots have been scaled in
intensity relative to the undoped c-sapphire substrate specimen to the value in the top

right corner of each plot.
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Figure 4.17: Near band-edge emission at 77 K from ZnO deposited on c- and r-plane
sapphire doped with various concentrations of ReO,. The plots have been scaled in
intensity relative to the undoped c-sapphire substrate specimen to the value in the top

right corner of each plot.
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Table 4.2: Localization energies determined from the slope of the linear portion of the
plot of the natural logarithm of the normalized total intensity as a function of inverse

temperature. Cells marked with ‘—

Inverse Temperature (K )

)

proximate the slope.

indicate insufficient peaks were resolvable to ap-

Localization Energies

ZnO film, c-plane

ZnO film, r-plane

Bulk ZnO (Hamby

sapphire sapphire et al. [52])
Undoped ZnO 10 meV 10 meV 14 meV
5% ReO, 18 meV 13 meV
10% ReO, 14 meV 13 meV
20% ReO, 16 meV —
50% ReO, 8 meV —
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and 20 wt. % ReO, specimens deposited on c-plane sapphire exhibited the FX, peak at 20 K.
At 10 K, the FX, peak was observed only as a shoulder with relatively low intensity. Similar to
Section 4.1.3 for undoped specimens, the MW model was applied to the Re-doped specimens, the
results of which can be seen in Fig. 4.19. Table 4.3 shows the constants obtained for the MW fits
(E = Ey + UT?® 4 VO[coth(6/2T) — 1]) for each of the specimens. The T=0 intercept, Ey, was
observed to range from 3.376 eV to 3.380 eV, which is consistent with the value reported for bulk
Zn0, 3.379 eV [52]. The constant S was observed to range from 1.15-1.40, which agrees with reported
values near unity [52]. The calculated values of V ranged from —1.5 x 107* to —2.2 x 107% eV/K,

which were consistent with results reported for bulk ZnO, —1.8 x 10~* eV /K [52].
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Figure 4.19: Temperature shift of the FX, peak as a function of temperature for ZnO
films deposited on c- and r-plane sapphire doped with various concentrations of ReO,.

Solid lines represent the Manoogian-Woolley (MW) fit for each specimen.

The parameters U, S, and 0p were observed to vary the most from the reported results for bulk
7Zn0. U depends on several parameters, including the band gap shift with pressure, mean thermal
expansion coefficient, and bulk modulus [55]. All observed values of U for the ZnO films were lower
than the value reported for bulk ZnO. The smaller values of U observed for the ZnO films may be
a result of changes in any of the parameters listed above. Cao and Chen [160] predicted that the
elastic properties of ZnO films are close to those of bulk ZnO for nanofilms with thicknesses greater

than 30 nm. However, the residual compressive strain in the ZnO films as indicated by Raman peak
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Table 4.3: Parameters of the Manoogian-Woolley model for bulk and film ZnO specimens

determined using a least squares routine. Cells marked with ‘—’ indicate the results were

insufficient to perform a reasonable fit of the data.

Eo(eV) | U(eV/K) | § | V(eV/K) | 0(K) | 0p(K)

Bulk ZnO (Hamby et al.) | 3.379 —50x107% | 1.01 | —1.8x10~* | 398 531
ZnO film, | Undoped 3.378 —9.8x107% | 1.39 | —2.0x107* | 575 766
c-plane | 5% ReO, 3.380 —1.2x107° | 140 | —2.2x107% | 671 894
sapphire | 10% ReO, 3.379 ~1.6x107° 1.32 | —1.9x107* | 557 742
20% ReO, 3.380 -9.9x107% | 1.39 | —1.5x107* | 417 557

50% ReO, — — — — — —

ZnO film, | Undoped 3.378 —-1.3x107° 1.20 | —1.8x107* | 354 471
r-plane | 5% ReO, 3.379 ~1.3x107° | 1.32 | —1.8x10~* | 457 609
sapphire | 10% ReO, 3.376 -2.2x 1076 1.15 | —2.0x107* | 341 455
20% ReO, — — — — — —

50% ReO, — — — — — —
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shifting may alter the mechanical properties. Differences in the thermal expansion coefficients of the
films and substrates could cause changes in strain levels as a function of temperature, which could
also be responsible for changes in calculated value of U. The value of S was observed to be higher
for the ZnO films, and is also related to the lattice dilatation term of the MW model. The films
and substrates had a difference in thermal expansion coefficient of about -2.4% [83]. Therefore, the
amount of residual compressive strain in the ZnO films should remain relatively constant as a function
of temperature. However, some interaction between the film and substrate may be responsible for
the differences obtained for these constants. The values obtained for U and S did not vary much as

a function of ReO, concentration.
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Figure 4.20: Estimated Debye temperature of bulk ZnO and ZnO films deposited on c-

and r-plane sapphire backed out from the Manoogian-Woolley model.

The Debye temperature, 0, was observed to range from about 450 K to 900 K for all specimens.
These values are all within about a factor of two of the reported value of the Debye temperature,
920 K [18]. Figure 4.20 shows the variation of the estimated Debye temperature as a function of
ReO, concentration for all specimens. ZnO deposited on both c¢- and r-plane sapphire exhibit a
higher Debye temperature with small Re doping concentrations. A maximum Debye temperature
was observed from the 5 wt. % ReO, doped specimens for both ¢- and r-plane sapphire substrates.

At ReO, concentrations above 5 wt. %, the Debye temperature decreased with increasing doping

64



concentration. For a given doping concentration, the Debye temperature of the specimens deposited
on c-plane sapphire was consistently about 300 K higher than the Debye temperature of specimens
deposited on r-plane sapphire. The Debye temperature has been reported to depend on thermal
transport dynamic properties and depends on various parameters, such as the nature of chemical
bonding or crystallite size [161]. The higher Debye temperature observed from specimens deposited
on c-plane sapphire may indicate higher crystalline quality ZnO with better thermal transport
efficiency. Additionally, the high Debye temperature observed at low Re doping concentrations
may indicate that the Re ions improve the crystalline quality and thermal transport efficiency in

7Zn0O at low doping concentrations.

4.3 Behavior of Re in ReO,-Doped ZnO Films

The experimental results of the ReO,-doped ZnO films deposited on c- and r-plane sapphire pre-
sented in Section 4.2 indicated that a doping concentration of about 5-10 wt. % increased the
crystalline quality of the ZnO films. At low doping concentrations, Raman spectroscopy revealed
that the intensity of the ZnO Egigh peak increased relative to the Al,O4 A, peak, which indicated
an increase in crystalline quality. Spectral shifting of the ZnO Raman peak indicated that small
Re doping concentrations decreased the amount of compressive strain in the ZnO films. The ionic
radius of Re is reported to range from 0.67-0.77 A depending on the charge, compared to 0.88 A
for Zn?** [159]. Therefore, a plausible explanation for the decrease in strain is that at low doping
concentrations, the Re ions substitute at Zn sites and relieve compressive strain in the film. PL
spectroscopy revealed an increase in D°X peak intensity and a decrease in DBX peak intensity for
specimens with low Re doping concentrations. The DBX peak was reported to be a result of exci-
tons bound to structural defects [41]. This was further indication that low Re doping concentrations
increased the crystalline quality of the ZnO films. Finally, a fit of the data to the MW model indi-
cated that the Debye temperature increased by about 150 K for low Re doping concentrations. The
Debye temperature has been reported to depend on thermal transport properties, chemical bonding
properties, and crystallite size [161]. If the Re ions substitute at Zn sites, chemical bonding will
be altered, and an increase in thermal transport efficiency is possible. The increased PL emission
intensity may be a result of the same mechanism in the ZnO films with low Re doping concentrations.

As ReO, doping concentrations were increased above 5-10 wt. %, changes were observed in the
behavior of the optical response of the ZnO films. The intensity of the ZnO Egigh peak decreased

relative to the Al,O5 A, peak with increasing Re doping concentration. As ReO, doping concen-
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trations were increased above 5 wt. %, PL emission intensity decreased. The Debye temperature, as
estimated by the MW model, decreased with increasing doping concentration for specimens doped
with concentrations greater than 5 wt. %. In the doping concentration range of 5-20 wt. %, two
feasible mechanisms could be taking place that can explain this behavior. First, the number of Re
ions being incorporated into the ZnO lattice structure at interstitial sites could be increasing with
increasing Re concentration. Increasing the number of Re atoms at interstitial sites would increase
strain and decrease the crystalline quality of the ZnO films. Second, a precipitated phase of ReO,
could be forming in the ZnO films. This would also increase the compressive strain and decrease
the crystalline quality. XRD revealed a well-resolved ReO, peak in the diffraction pattern of the
50 wt. % ReO, film deposited on c-plane sapphire, but for specimens with 5-20 wt. % ReO,, this
peak was not observed. This could indicate either that the concentration of the ReO, phase was too
low to detect with XRD, or that no precipitated phase existed in these specimens.

In addition to the appearance of the ReO, peak in the diffraction pattern of the 50 wt. % ReO,
specimens, the FWHM of the E}Qﬂgh peak increased. Wang et al. [162] characterized the compo-
sitional disorder of Mn-doped ZnO nanoparticles using the linewidth of the Egigh peak, in which
peak broadening was attributed to confined phonons as a result of lattice disorder. Séepanovié et
al. [163] attributed peak broadening of the E5®" peak of milled ZnO powders to lattice disorder
and extended defects in the wurtzite structure. The PL spectrum of the 50 wt. % ReO, film de-
posited on c-plane sapphire showed a 20x decrease in D°X emission intensity as compared to the
undoped specimen. At 77 K, free exciton emission was observed in the spectra of all specimens
except the 50 wt. % ReO, specimens. Re has been reported to cause variation in grain connectivity
in a Hgy_,Re,;Ba,Ca,Cu;04 material system with large Re concentrations [138]. A plausible expla-
nation for the observed results in this study is that at a doping concentration of 50 wt. % ReO,, a
precipitated phase of ReO, exists at high concentrations, which could act to confine phonons, inhibit

thermal transport, and possibly disrupt grain connectivity.
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Chapter 5

Conclusions and Future Work

5.1 Conclusions

A study of the effects of Re doping on the optical response of ZnO films has been performed. Un-
doped and Re-doped ZnO films were deposited on ¢- an r-plane sapphire substrates using pulsed
laser deposition (PLD). The films where characterized using X-ray diffraction (XRD), Raman spec-
troscopy, and photoluminescence (PL) spectroscopy. The undoped ZnO films were compared to bulk
single crystal ZnO, and were then used as a baseline in the investigation of Re-doped ZnO films.
Changes in the Raman and PL behavior as a function of Re doping suggested that a change in the
physical incorporation of Re ions was taking place at relatively low doping concentrations. A list of

specific conclusions are summarized as follows:

1. The XRD patterns for the ZnO films deposited on c-plane sapphire exhibited (0002)ZnO and
(0002)Al1,04 peaks, and the ZnO films deposited on r-plane sapphire showed (1120)ZnO and
(0224)A1,0, peaks. For the 50 wt. % ReO, film deposited on c-plane sapphire, the (0002)ReO,
peak appeared in the XRD pattern, which revealed that a precipitated phase of ReO, existed

in this specimen.

2. The ZnO films doped with 5-10 wt. % ReO,, exhibited an increase in intensity of the ZnO Egigh
Raman peak relative to the Al,O, substrate, which suggested an increase in crystalline quality
compared to undoped specimens. A spectral shift of the ZnO Egigh peak to a lower wavenumber
was also observed for these specimens, indicating a decrease in residual compressive strain. The

behavior of the ZnO Egigh peak reversed for the ZnO films doped with 20 and 50 wt. % ReO,,

which indicated a decrease in crystalline quality and an increase in residual compressive strain.
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Additionally, the Egigh peak of the ZnO film doped with 50 wt. % ReO, increased in width

by about 15%, indicating increased lattice disorder.

3. PL measurements revealed an increase in the intensity of the DX peak for the 5 wt. % ReO,
specimens as compared to undoped specimens. A decrease in the intensity of the DBX peak
with increasing Re doping concentration suggested that low Re doping concentrations decrease
the number of structural defects in the ZnO films. The Debye temperature, calculated using
the Manoogian-Woolley (MW) model, increased for the ZnO films doped with 5 wt. % ReO,,
which may be the result of increased thermal transport efficiency. For specimens doped with
more than 5 wt. % ReO,, the overall intensity of the PL emission decreased and the Debye
temperature decreased with increasing doping concentration, which suggested a decrease in

crystalline quality and thermal transport efficiency.

4. A plausible explanation for the observed behavior was presented. At low doping concentrations,
5-10 wt. % ReO,, Re ions primarily substitute at Zn sites. The smaller ionic radius of Re
compared to Zn relieves he residual compressive strain in the films, and the crystalline quality
increases. As doping concentration is increased above saturation, the number of Re ions found
at interstitial sites increases, and the formation of a precipitated phase of ReO, may begin
to form, which increases the residual compressive strain and disorder in the films. Finally,
at concentrations as high as 50 wt. % ReO,, a large amount of precipitated ReO, forms, as

indicated by XRD.

5.2 Future Work

1. Using a technique such as side inclination XRD, investigate the lattice constants of the Re-
doped ZnO films. This can be used to further characterize the behavior of the Re ions when

incorporated into the ZnO lattice.

2. Investigate the Re doping saturation concentration in ZnO. High resolution XRD can be used

to detect the first formation of ReO, in the ZnO films.

3. The effects of film thickness in combination with the results of this study should be investigated
as film thickness has a major impact on the properties of thin films. Strain levels can be varied
by changing film thickness, and the effect of Re doping of ZnO films of different thicknesses

could enhance the fundamental understanding of the behavior of Re in ZnO.
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4. Investigate the electrical properties of Re-doped ZnO. This could be used in conjunction with
the increase in PL emission efficiency and thermal transport efficiency for specimens doped

with small amounts of Re in this study to better understand the physics of Re-doped ZnO.
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