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Date of Degree: July, 2017
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Abstract:

The optical response of undoped and doped ZnO thin films was investigated. Epitaxial films were
deposited on c-plane and r-plane sapphire using pulsed laser deposition and were characterized
with a combination of photoluminescence (PL) spectroscopy, Raman spectroscopy, high resolution
transmission electron microscopy (HR-TEM), x-ray diffraction (XRD), and Hall effect measurements.
To investigate the effect of residual stress, undoped ZnO was used and the magnitude of residual
stress was changed by varying the nominal film thickness from 5 nm to 200 nm. X-ray diffraction
was used to measure the out of plane strain, which was used to estimate the residual stress. The
residual stress and ZnO E’Q”g " Raman mode frequency were found to be related linearly by a factor
of approximately —170 MPa/cm™!, which is in agreement with high pressure investigations of bulk
ZnO. PL experiments were performed at temperatures from 4.2 K to 300 K. Films created with a
lower laser energy were found to have strong near band edge (NBE) emission, compared to those
created with a higher laser energy that had poor emission intensity. For films on c-plane sapphire,
fine PL structure including emission related to free-excitons, neutral-donor-bound-excitons, defects,
a donor acceptor pair, and also phonon replicas of emissions were observed and identified. For
films on r-plane sapphire the biggest difference in the PL emission compared to those on c-plane
sapphire was the appearance of a free-electron to bound-acceptor emission that was attributed to
acceptor states created by basal plane stacking faults. Doped films containing between 0 wt. % and
50 wt. % ReO, were also investigated. Low doping concentrations (5 and 10 wt. %) were found to
improve the overall crystal quality and increase the conductivity. Films with higher concentrations
of ReO, were found to have separate ReO, phases present. It remains unclear where the Re atoms
are incorporated into the films at lower doping concentrations.
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Chapter 1

INTRODUCTION

1.1 Motivation for the Present Study

Thin film ZnO has been widely investigated for potential use in optoelectronic devices that include
solar cells, gas and chemical sensors, UV light sensors, and light emitting diodes. As a result, the
optical and electrical properties of ZnO thin films have been widely reported. The properties of
undoped films vary widely and are often dependent upon intrinsic defects and overall crystal quality
achieved with the particular synthesis method being utilized. Intentionally doping ZnO with other
elements is a common approach to tailor specific material properties, with the most common goal
being to achieve p-type doping. There have been interesting results in other material properties,
for example, increases in carrier mobility have been observed with In doping in ZnO, which would
be beneficial for transparent conducting oxides [1]. Doping with group IIT and transition metal ions
has also been investigated, typically with the goal of modifying the electrical, optical, or magnetic
properties of ZnO. In this study, our goal in the doping of ZnO films with Re is to improve the
electrical conductivity of the thin films without adversely affecting their optical properties. Changes
in the optical response of the doped thin films will be a convolution of the effects of the presence of
the dopant, and the effects of residual stress caused by the lattice mismatch between the ZnO and
substrate, differences in thermal expansion between the ZnO and substrate, and the presence of the
dopant and/or secondary phases that result. Although the electrical properties of some ZnO based

films are measured in this study, the primary focus is on their optical properties.



1.2 Objectives

The overall objective of this study is to enhance the electrical conductivity of ZnO thin films by
means of doping without substantially reducing optical transmittance. Improvement in the electrical
conductivity would have a dramatic impact on the pursuit of using ZnO as an optically transparent
conductive material in applications such as solar cells and displays. Changes in the optical response
of the thin films will be a convolution of the effects of the presence of the dopant, and the effects of
the resulting residual stress caused by both the lattice mismatch between the ZnO and the substrate
and by the presence of the dopant. A better understanding of the effect of stress alone on the optical
response of undoped ZnO thin films may have an immediate impact on the use of thin film ZnO in
a variety of optoelectronic devices. An understanding of how stress and dopants have a combined
effect on the optical and electrical response of ZnO may open avenues to tailor the optical properties
of the films for specific applications by means of band-gap engineering.

Specifically, the objectives are to:

1. Evaluate the residual stress state of undoped ZnO as a function of film thickness. This is
achieved by measuring the out-of-plane lattice strain with x-ray diffraction (XRD) and also
measuring the variation in the Raman peak position as a result of the residual stress in the

film.

2. Study the optical response of the undoped ZnO films as a function of temperature using
photoluminescence (PL) spectroscopy. The quality of the films are investigated as a function
of film thickness and compared to bulk single crystal ZnO. Effects of residual stress and crystal

quality on the optical properties of the undoped films are studied.

3. The optical response of ReO, doped ZnO films are investigated with PL spectroscopy as a
function of temperature and the results are compared to the measured electrical response of

the films.



Chapter 2

BACKGROUND

2.1 Effect of Strain on Semiconductors

General effects of strain on bulk semiconductors have been widely reported and a number of books
and reviews on the topic can be found [2,3]. In some materials, the piezoelectric effect can lead to a
voltage across the material as the result of an applied strain (or when subjected to an applied voltage
the material will expand or contract). One practical implementation of strained semiconductors has
been in recent complementary metal oxide semiconductor (CMOS) devices that take advantage of
the fact that strain can improve the mobility of carriers (electrons and holes).

Strain is also known to modify the electronic band structure, which can affect the optical prop-
erties. Since the crystal symmetry is not changed under hydrostatic stress, the shape of the energy
bands are unaffected by applied hydrostatic stress. There are however changes in the magnitude of
the band-gap, with tensile stresses typically narrowing the band-gap and compressive stresses typi-
cally widening the band-gap. Under deviatoric stress (shearing) the crystal symmetry is no longer
maintained, which can lead to splitting and/or warping of the energy bands. Often this leads to
a splitting between the heavy hole valence band and the light hole valence band, which can lead
to splitting of the photoluminescence (PL) peaks under applied stress, as has been reported for
ZnSe [4]. The effect of shear stress on the conduction band is more complicated and varies with
material. This variation is dependent upon the location of the conduction band edge within the
Brillouin zone and the direction of the applied strain; in some cases splitting of the conduction band
is observed and in some cases there is no splitting [3].

There have been several recent reports on the effect of intrinsic stress on the band-gap of ZnO

thin films, ZnO quantum wells, and weakly confined ZnO nanoparticles. Kumar et al. [5] created



400 nm thick films with intrinsic stress that ranged from —0.172 to —8.4 GPa by varying the growth
temperature. PL spectroscopy results indicated that the band-gap blue-shifted with increasing
compressive stress such that AEgiess(meV) = —8.80(GPa). Li et al. [6] have also shown a linear
relationship between the band-gap of ZnO thin films and biaxial stress. The effect of stress on ZnO
nanocrystals resulting from the incorporation of Mg has been investigated both experimentally and
theoretically. With increasing Mg concentration for 10 to 12 nm diameter Zn, _, Mg O nanocrystals,
both the a- and c-lattice constants decreased and the band-gap continually blue-shifted [7]. Li-Bin
et al. [8] investigated the theoretical effect of strain on Mg, ,-Zn,, ,-O for strains ranging from -0.2 to
0.3. Under both applied compressive and tensile strain on the a-axis, the bottom of the conduction
band shifts to lower energy leading to a smaller band-gap. Under applied tensile strain on the c-axis
the bottom of the conduction band again shifts to lower energy resulting in a smaller band-gap.
However for compressive strain on the c-axis, the conduction band shifts to higher energy leading
to an increased band-gap.

He et al. [9] investigated the effects of strain on the optical properties of Al-N co-doped ZnO
films. By varying the concentration of the Al from 0 to 1 at. %, the compressive strain within
the film could be varied from 0.2 to 2.2%. Absorption spectra were used to determine the band-
gap of each film and it was found that the approximate relationship between band-gap energy and
strain was E,(eV)= 3.237 + 0.025¢. Li et al. [10] measured the biaxial stress of ZnO films that had
been grown on quartz and annealed at temperatures ranging from 240 to 800 °C. Due to increasing
thermal mismatch stress, the biaxial tensile stress increased from 1.45 to 2.01 GPa as the temperature
increased. The band-gap of the films was found to blue shift with increasing temperature and was

related to the biaxial stress by Eg(eV)= 3.160 + 0.0480,,(GPa), where 0, is the biaxial stress.

2.2 Properties of ZnO

7Zn0O has been the subject of extensive investigations for use in a broad range of potential devices
including lasers and light emitting diodes [11,12], photodiodes [13], surface acoustic wave devices [14],
gas sensors [15], and as a transparent conductor in photovoltaic cells and displays [16]. Much of this
attention is the result of its wide direct bandgap (3.37 eV), large exciton binding energy (60 meV),
low absorption in the visible wavelengths, and a number of other favorable optical, electrical, and
piezoelectrical properties. The biggest hurdles facing the widespread integration of ZnO into many
devices has been the difficulty in reliably achieving p-type doping, since it intrinsically exhibits

n-type conductivity [17] and in producing good electrical contacts [18].
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Figure 2.1: Schematic showing the c-plane, a-plane, and r-plane in a hexagonal crystal

structure.

The most common crystal structure of ZnO is hexagonal wurtzite corresponding to the space
group No. 186 (P63mc). Figure 2.1 shows the c-plane, a-plane, and r-plane in a hexagonal crystal.
Some commonly reported material properties of wurtzite ZnO at room temperature are given in
Table 2.1. Phase transformations to a rock salt structure (Fm3m) have been reported at high pres-

sures [19] and zinc-blende crystal structures have been observed with growth on cubic substrates [20].

2.3 Transition Metal Doped ZnO and Re doped Semiconduc-
tors

To date, no reports related to the doping of ZnO with Re have been found. However, a limited
number of studies on other semiconductors (often chalcogenides) doped with Re have been conducted.
In this section an overview of the state of ZnO doped with transition metals will be given, followed
by an overview of various semiconductors that have been doped with Re.

Doping ZnO with transition metals has attracted considerable attention, particularly with re-
gard to creating dilute magnetic semiconductors (DMS). The solubility limit of Mn in ZnO under
equilibrium conditions has been reported at ~ 13% [29]. Since many thin film growth techniques are
non-equilibrium, Mn concentrations of more than 35% have been achieved while still maintaining a
wurtzite crystal structure [30,31].

The thermal solubility limit of Co in ZnO is 10 at.% [29]. Films grown by pulsed laser deposition



Table 2.1: Room temperature wurtzite ZnO properties.

Property Symbol Value Source
Lattice parameters a 3.2498 A [21]
c 5.2066 A [21]
c/a 1.6021
Thermal expansion coeff. Qg 431 x 1079 K1 [22]
ae 2.49 x 1076 K~ 22]
Carrier concentration n 2 x 10% to 5 x 1017 em =3 | [23,24]
Carrier mobility W 120 to 155 cm?V~1s71 [23,25]
Melting temperature T, 2242 K [26]
Density P 5.676 g cm 3 [27]
LO phonon energy hwro 72 meV [28]
TO phonon energy hwro 54 meV [28]

(PLD) have shown an increase in the c-lattice spacing of the ZnO with increasing Co content, which
then plateaus when the Co content is 10% or higher [32]. Nanoclusters of Co have been observed
in specimens having a Co content > 12% [33]. Concentrations above 25% Co have resulted in the
presence of Co;0, peaks in XRD patterns indicating the segregation of a secondary phase [34].

Other transition metals including Ni [30,31, 35], Cr [30, 31, 35], Fe [31,35], and V [31,35], have
also been investigated for their potential as DMSs.

Since no studies have been found on the doping of ZnO with Re, the effect of doping other
semiconductor materials may provide some insight into what could be expected in the case of ZnO.

Zhang et al. [36] investigated Re doped TiO, nano-powders for use as a photocatalyst for the
treatment of water containing organophosphorous pesticides. Re concentrations as large as 6% were
investigated and XRD measurements did not indicate the presence of any new phases as compared
to undoped TiO,. The photocatalytic performance of the Re-doped TiO, was much higher than
that of the undoped material. It was suggested that a decrease in the bandgap and an increase in
absorption of light in the visible spectrum as a result of the Re doping may be responsible for the

increased efficiency.



2.4 Synthesis of Thin Films

Sapphire substrates have been most commonly used for the deposition of ZnO through techniques
such as RF sputtering [37], molecular beam epitaxy [38], chemical vapor deposition [39], and pulsed
laser deposition [40,41]. Despite a lattice mismatch of 32% between ZnO and c-plane sapphire
(hexagonal-on-hexagonal), it is possible to achieve epitaxial growth of ZnO on sapphire. This large
mismatch is reduced to 18.4% by means of a 30° in-plane rotation of the ZnO relative to the c-plane
sapphire [38]. Nevertheless, lattice mismatch can still lead to significant residual stresses, particularly
in films having thicknesses less than 500 nm [42]. Recently a variety of cubic materials including
SrTiO, (STO) [43] and MgO [44] have also been investigated as potential substrate materials for
epitaxial ZnO thin films.

Pulsed laser deposition (PLD) is a form of physical vapor deposition. A target composed of the
material that is to be deposited is placed in a vacuum chamber, along with the substrate that is to
be coated. Depending upon the material that is to be deposited, reactant gases may be introduced
back into the chamber. A high energy pulsed laser (usually an excimer laser) is directed at the
target and each pulse ablates material and creates a plasma plume of target material. Some of the
material in the plume will condense on the substrate, thus resulting in film growth. The rate of film
growth is dependent upon many factors including the laser energy, chamber pressure, and geometry

of the target/substrate/laser system, but a growth rate of 1 A /pulse is typical [45].

2.5 Optical Spectroscopy

2.5.1 Photoluminescence Spectroscopy

Photoluminescence spectroscopy (PL) is a nondestructive technique that is useful in probing energy
states and allowed electronic transitions in a material. In materials that are photoluminescence
active, an incident photon with energy greater than the band-gap of the material is absorbed causing
an electron to move from the valence band to the conduction band. This excited electron and its now
empty location in the valence band (hole) is known as an electron-hole pair, or if they are bound,
an exciton. When the excited electron returns to a lower energy state, a photon with less energy
than the excitation source can be emitted. These processes are illustrated as a diagram in Fig. 2.2.

A near-band edge (NBE) emission occurs when an electron radiatively recombines with a hole,
and the electron is originally located at a state near the edge of the conduction band and hole is

located near the edge of the valence band. The energy of the NBE emission is quite close to that
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Figure 2.2: Diagram of the excitation and recombination processes that can result in

photoluminescence [46].

of the energy of the material’s band-gap. A defect emission occurs when the electron recombination
involves a defect state whose energy lies in the mid-band-gap. PL emission related to defect states
will vary depending upon the energy level of the defect and the overall concentration of the defects.
By analyzing the energy of the re-emitted light, insight into the band-gap, defect levels, defect types,
and defect concentrations can be obtained.

The investigation of ZnO luminescence is typically focused on either the utraviolet NBE emission
or visible defect emission. More details of the various defect emissions can be found elsewhere [17],
but they result in a recombination involving a defect state within the bandgap. These defects can be
either intrinsic (e.g., vacancies, interstitials, anti-sites, dislocations, grain boundaries, or surfaces) or
extrinsic (e.g., dopants or impurities). The most commonly observed defect emission is the so-called
green defect emission, named for its energy of 2.5 eV. The most widely accepted source of the green
defect emission involves a singly charged oxygen recombining with a photoexcited hole [47]. However
this continues to be widely debated and has more recently also been attributed to zinc vacancies [48],
oxygen anti-sites [49], zinc interstitials [50], and even a complex defect located in the near surface
region [51,52].

The NBE emission of ZnO primarily arises from luminescence involving states within the band

gap that are close in energy to either the conduction band or valence band. Examples of such



emissions include free-excitons (FX), donor-bound-excitons (D°X), and acceptor-bound-exciton as
illustrated in the energy diagram in Fig.2.3. Further details of the various NBE emissions in ZnO
follow.

Conduction Band

___ D°

FX. [FXg|FX,
E DX  [AX

Valence Band

Figure 2.3: Energy level diagram of common NBE emissions from wurtzite ZnO in-
cluding donor-bound excitons (D°X), acceptor-bound excitons (A°X), and free-excitons
(FXa,FXg, FX¢). The energy levels are not to scale and details of the valence band

splitting are shown in Fig. 2.4.

For wurtzite ZnO the conduction band is s-like with I'; symmetry, while the valence band is p-like
and split into three distinct bands (one with T'g symmetry and the other two with I'z symmetry) as
a result of crystal-field splitting and spin-orbit interactions [53]. Free-exciton transitions involving
each of the three valence bands are denoted by A (heavy hole), B (light hole), and C (crystal-field
split band), as shown in Fig. 2.4. The first observation and identification of A, B, and C peaks in
ZnO was reported by Thomas [54] and at 4.2 K were centered at 3.377 eV, 3.3845 eV, and 3.4225 eV,
respectively.

Bound-exciton luminescence occurs from the recombination of an exciton that is trapped or
bound to a defect within the crystal. At lower temperatures it is often energetically favorable for free
excitons to bind to defects or impurities within the material [56]. The photon emitted during bound-
exciton luminescence has an energy that is lower than the free-exciton emission energy by an amount
equal to the binding energy of the exciton to the particular defect. This binding energy is typically
in the the range of 5 meV to 20 meV. At low temperatures, the luminescence emission from ZnO

is usually dominated by very narrow neutral-donor-bound-exciton emission in the spectral range of
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Figure 2.4: Band structure diagram showing valence band splitting of wurtzite ZnO

(after Birman [55]).

3.348 €V to 3.374 eV. The exact number, energy, and relative intensity of the bound-exciton emissions
in ZnO varies dramatically [57-60]. As many as eight neutral-donor-bound-exciton emissions have
been observed from a single ZnO specimen, with nearly all related to the A exciton. The subscript
nomenclature used by Teke et al. (e.g., D{X) will be used when there is agreement with the energy
of the observed emission in this study and their reported values. At a slightly lower energy than
the neutral-donor-bound-excitons (3.3481 eV to 3.3564 eV), the appearance of as many as three
neutral-acceptor-bound-excitons have also been reported.

In the spectral range of 3.32 eV to 3.34 eV, two-electron satellite (TES) transitions are common
in ZnO. These transitions are the result of a bound-exciton recombining and leaving the neutral
donor in an excited state [61]. The TES emission has an energy that is less than the donor-bound-
exciton emission by the energy difference between the excited and ground state of the donor. In the
spectral range less than ~ 3.3 eV the most common emissions are LO-phonon replicas of the higher
energy emissions (the LO phonon energy for ZnO is 72 meV) and in some cases emission from donor

acceptor pairs (DAP) [57].
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2.5.2 Raman Spectroscopy

Raman spectroscopy is another nondestructive technique that is useful in probing the chemical
bonding nature of materials. Although the effect was discovered in 1928 by Sir C.V. Raman [62],
Raman spectroscopy did not see widespread use until the mid-1960s with the arrival of commercially
available, reliable, continuous wave lasers [63]. The Raman effect is the result of a photon being
inelastically scattered, where either the creation or annihilation of a phonon results in a net energy
change of the incident photon [64]. As seen in Fig. 2.5, when incident light interacts with an object
surface there are a variety of paths that the photon can take. At the surface of the material the
light is either reflected or transmitted. Once inside the material, the light can take part in the PL

process as described earlier, or it can be scattered either elastically or inelastically.

MATTER
(Film)
Reflected Transmitted
{Absorbed)
Scattered
Re-emitted l|'
) Faman
Incident
Light ,”,
Photoluminescence

Figure 2.5: Interaction between light and matter.

If we consider the energy diagram shown in Fig. 2.6, for an elastically scattered photon, referred
to as Rayleigh scattering, the incident and resulting radiation have the same energy. In the case of
an inelastically scattered photon (Raman scattering), there is a net energy difference between the
incident and resulting radiation. If the net change of energy is positive, then the resulting photon has
a higher frequency than the incident light and the shift is known as an anti-Stokes shift. If however,

the net change is negative, then the resulting photon has a lower frequency than the incident light
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and the shift is termed a Stokes shift.

Rayleigh scattering is the most intense of these processes and results in re-emitted light that
is about three orders of magnitude less in intensity than the incident excitation. In comparison,
Raman scattered light is usually eight to twelve orders of magnitude less in intensity than that of
the incident excitation. Comparing the Raman Stokes and anti-Stokes shifts, the Stokes shift results
in more intense emission at room temperature since more initial states are at the ground state rather
than at a vibrationally excited state. With changes in temperature, the overall system experiences a
change in the population of vibrationally excited states; lower temperatures lead to fewer phonons in
the lattice and more intense Stokes Raman lines. In fact, it is possible to measure the temperature of
the specimen to within 5 K by measuring the intensities of both the Stokes and anti-Stokes Raman
lines [65].

A disadvantage of Raman spectroscopy is the low signal strength of Raman scattering. Fluo-
rescence emission is six to eight orders of magnitude stronger than that of Raman scattering [63].
If a Raman shift occurs in the same region of the spectrum as a fluorescence emission, the Raman
signal will not be detectable. This can be overcome by changing the wavelength of the excitation
source to either a UV or near-IR excitation. Changing the excitation wavelength can also be useful
to probe different depths of material since the absorption coefficient of a material is dependent upon
the wavelength of light. Another approach to avoid problems associated with fluorescence is to take
advantage of the photobleaching effect. Some fluorescing materials will breakdown with a sufficiently
long time under excitation causing a decrease in the fluorescence intensity. By allowing the material
to photobleach, Raman scattering that would otherwise be undetectable can be observed.

Although Raman shifts are occasionally reported in units of energy (eV) or frequency (Hz), the
most commonly used units are wavenumbers (cm~!). Typically, relative wavenumbers are used; the
relative wavenumber of a Raman mode is the difference in absolute wavenumbers of the Raman
scattered photons and the excitation source. In order to find the absolute wavenumber of a quanta,
one simply takes the inverse of its wavelength.

For a Raman spectroscopy system there are a few key components required, a monochromatic
light source (e.g., a laser), a set of collection optics, a means for dispersing the scattered light (e.g.,
a monochromator), and a light detector (e.g., a charge-coupled device (CCD) camera). The light
source is typically a continuous wave laser in the visible region of the spectrum. Care should be
taken when choosing the specific wavelength of the excitation laser. Both PL emission and the fact
that the Raman scattering cross section varies as the fourth power of the excitation frequency must

be considered [66]. This implies that for a constant laser power, a given Raman peak will increase
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Figure 2.6: Energy model of the Raman effect.

in intensity as the wavelength of the excitation source becomes shorter.

A method of eliminating the high intensity Rayleigh scattering is also desirable, in order to achieve
a high signal to noise ratio. This can be accomplished with the use of multiple monochromators
or optical filters, such as notch type (transmits both Stokes and anti-Stokes scattering), longpass
edge type (transmits only Stokes scattering), or shortpass edge type (transmits only anti-Stokes
scattering).

Under ambient conditions, wurtzite ZnO has six Raman active vibration modes. These modes
and their approximate position are summarized in Table 2.2. The E; modes are the most intense
peaks relative to the other modes, particularly in a backscattered experimental setup, and are non-
polar [67]. The A;1(TO), E;(TO), and E;(LO) are polarized in the xy-plane, and the A;(LO) mode

is polarized along the z-axis.

2.6 Confocal Microscopy

The confocal microscope, invented in 1957, requires two key components in order to produce an
image [69]. First, a diffraction limited excitation spot that can be scanned across the specimen;
second, a way to collect the re-emitted light from the specimen and focus it onto a pinhole aperture.

Light that passes through the pinhole can then be sent to a photosensitive device for analysis. As
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Table 2.2: Raman active modes and their approximate positions for ZnO [68]

Raman Active Mode | Rel. Wavenumber (cm™1)
A4(TO) 380
A,(LO) 574
E;(TO) 407
E:(LO) 583
Elow 101
E" 437

seen in Fig. 2.7, the advantage of using a confocal pinhole, as opposed to a conventional far-field
microscope, is that light emitting from positions outside of the focal plane is rejected, thus achieving
a small depth of field. In addition to the vast improvement in depth resolution as compared to a

standard microscope, there is some improvement in the lateral resolution as well.

Finhale

Focal Plane (Black)

Beam

Splitter Objective

Point Source
Light

Figure 2.7: Diagram showing a confocal setup where rays from the focal plane pass

through the pinhole and rays from other planes are blocked.

The theoretical depth resolution for an infinitely small aperture is given by

L0450 090\
" n(1 - cosb,) T N4
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where A is the excitation wavelength, n is the index of refraction of the medium between the objective
and sample (assumed to have a value of 1 for air), 6, is the half angle of the objective, and NA is
the numerical aperture of the objective. The actual system resolution will be limited by the finite
pinhole size as well as the incoherent Raman or fluorescent signal.

To find the actual resolution of a complete confocal Raman system, a technique is used that
measures the intensity of the 520 ecm~! Si peak as a function of z focal location [70,71]. Starting
with the focal point 10 um above the Si surface, the microscope is incrementally moved to a focal
point 10 pm below the surface, recording Raman spectra along the way. The full width at half
maximum (FWHM) of the intensity vs. focal point z distance gives a good approximation of the
depth resolution.

In a conventional microscope in air, the maximum lateral resolution is 2)/3, while the maximum

lateral resolution for a confocal microscope is A/2.
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Chapter 3

EXPERIMENTAL APPROACH

3.1 Synthesis of Specimens

Synthesis of the films was performed at the Center for Integrated Nanotechnologies (CINT) at Los
Alamos National Laboratory (LANL). ZnO thin films were deposited on c-plane sapphire substrates
using pulsed laser deposition (PLD). A KrF excimer laser (A=248 nm) with a pulse frequency
of 2 Hz was directed at a ceramic ZnO (or ZnO/ReO,) target at a 45° angle of incidence. The
deposition conditions were initially optimized for the narrowest x-ray rocking curve and then main-
tained throughout the experiments. Briefly, the depositions were performed with an O, pressure of
350 mTorr and a substrate temperature of 650 °C. By varying the deposition time, the thickness of
the resulting films could be controlled. Undoped ZnO films had nominal thicknesses between 5 nm

and 100 nm and doped films all had a nominal thickness of 100 nm.

3.2 Instrumentation

There were two different instruments available to conduct the optical spectroscopy investigations.
The first was a conventional far-field photoluminescence (PL) spectroscopy setup using the 3.82 eV
(325 nm) line from a HeCd laser as the excitation source. Emitted light was dispersed by a 0.5 m
monochromator using a 2400 groove/mm grating and detected by a LNs-cooled charge coupled
device (CCD) camera. With the use of a continuous flow cryostat, the specimen temperature was
varied between 4.2 K and 300 K. Additional details and specifications of this particular system follow
and can also be found elsewhere [72].

The second system is a commercially available combination confocal microscope and scanning

16



near-field optical microscope (SNOM) (WITec, GmbH). For the purposes of this study, the confocal
microscopy mode of the system was employed for the Raman spectroscopy experiments. The 2.33 eV
(532 nm) line from a frequency doubled Nd:YAG laser was used to perform Raman spectroscopy.
A schematic of the system components and beam path is shown in Fig. 3.1. Additional details and

specifications of key components of the system follow.

3.2.1 Excitation Sources

For the PL experiments a continuous wave Kimmon IK3151R-E helium cadmium (HeCd) laser
operating at an energy of 3.82 eV (325 nm) was used. The beam output (TEMO0) is rated at a
maximum power of 17 mW. For the far-field PL configuration the laser was focused directly onto
the specimen with a spot size of approximately 3 mm.

For the confocal Raman experiments a continuous wave frequency doubled Nd:YAG laser oper-
ating at an energy of 2.33 eV (532 nm) was used. The laser was coupled with the microscope with
a polarization maintaining optical fiber having a core diameter of 3.5 um. At the output end of
the fiber the maximum laser power was measured to be about 8 mW. Power output from the fiber
can be varied by adjusting a micrometer screw integrated into the fiber coupler. Experiments were
conducted with the same laser power, which was set to a minimum value to achieve a strong enough
signal to noise ratio, but to avoid heating of the specimen. The incident laser light was linearly
polarized and aligned with the x-axis of the microscope stage. All polarizations were collected and

allowed to be focused onto the confocal pin-hole.

3.2.2 Microscope Objectives

In the WITec system, standard microscope objectives are mounted on an upright objective turret.
One of the objective positions has the mounting armature for either an atomic force microscopy
(AFM) cantilever or a scanning near-field optical microscopy (SNOM) cantilever, as well as the
inertial drive to control its movement. This allows different types of measurements to be made, either
confocal microscopy, AFM, and/or SNOM, on the same region of the specimen. The instrument
also has the ability to collect light in transmission using an objective that is mounted in an inverted
position beneath the specimen stage. For Raman experiments where the Nd:YAG laser was used
with a 100x/0.9NA Nikon objective, the approximate spot size on the specimen was 0.4 pm. The

scattered light was collected with the same objective (a back-scattering arrangement).
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Figure 3.1: Schematic showing the components and beam path of the WITec Alpha
SNOM configured in a reflection confocal mode, and the monochromator and CCD. (1)
is a white light source, (2) is a 50:50 beamsplitter, (3) is a dichroic beamsplitter, (4) is
a Raman edge filter and bandpass filter, (5) is a rotating turret holding three gratings,
and (6) is the fiber coupler and a single mode fiber. (Modified from the Alpha SNOM

Operating Manual.)
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3.2.3 Confocal Pin-Hole

In the WITec system, scattered or re-emitted light that is collected by the objective is focused onto
the end of a UV-visible multimode optical fiber, which acts as the confocal pin-hole. A total of three
different fibers are available, with core diameters measuring 100, 50, and 25 pm. Decreasing the pin-
hole (core diameter) size results in an increase in z-resolution, but at the cost of signal throughput.
According to Eq. (2.1) the theoretical confocal depth resolution using the 100x objective and 532 nm
Nd:YAG laser is 585 nm. The actual depth resolution of our system as measured by the technique
described in Section 2.6, and shown in Fig. 3.2, is 1.21, 0.82, and 0.62 pm for 100, 50, and 25 pum
diameter fibers, respectively. Only the 100 pm fiber was used in this study to maximize the signal

intensity.
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Figure 3.2: Integrated intensity of the 520 cm™! Si peak as a function of focus distance
with respect to the surface (positive value is above the surface) for different diameter
fibers. System z-resolution is given by the FWHM. Other than fiber diameter, experi-
mental parameters remained constant implying the decrease in the integrated intensity

is the result of decreased signal throughput [46].

3.2.4 Monochromator/Detector

The far-field PL experimental setup used a 0.5 m Spex monochromator with a 2400 groove/mm

diffraction grating holographically blazed at 400 nm to disperse the luminescence. The light was
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detected with a liquid nitrogen cooled charge coupled device (CCD) from Jobin Yvon. The 1024 x 128
pixel detector had individual pixels that were 26 x 26 pm. The band pass of a monochromator is
given by BP = Wd/f, where W is the larger of the entrance width or CCD pixel size, d is the
distance between grooves, and f is the monochromator focal length. The band pass for the Spex
monochromator and Jobin Yvon CCD was 0.0217 nm, giving a resolution of approximately 0.5 meV
near the bandgap energy of ZnO.

In the WITec system, light passing through the confocal pin-hole was directed by the optical fiber
to a 0.3 m Acton monochromator. Light was dispersed with either a 150, 600, or 1800 groove/mm
diffraction grating, each holographically blazed at 500 nm. All gratings are attached to a rotating
turret, allowing for the selection of the grating without opening the monochromator. Light was
detected with a 1024 x 128 pixel, thermoelectrically cooled (—73°C) CCD from Andor Technology.
The band pass for the 0.3 m Acton monochromator using the 150, 600, and 1800 groove/mm gratings
is 0.578, 0.144, and 0.0481 nm, respectively (giving resolutions of 23, 5.8, and 1.9 cm~! for Raman

spectroscopy).

3.3 Probing Depth

From the Beer-Lambert-Bouguer law, the ratio of light intensity at depth z under the surface to the
incident light intensity is given as I(z)/I, = exp(—«az), where « is the absorption coefficient for the
particular wavelength of interest. The absorption depth is given by the distance in the material in
which 63.2 % of the incident light is absorbed (i.e., I(z)/I, = 1/e) [73]. This gives the absorption
depth as the inverse of the coefficient of absorption. Since a back-scattered arrangement is used,
scattered or re-emitted light must travel to a depth of z and then back through the same distance
of material to reach the surface in order to be detected. This configuration implies that the probing
depth is given as 1/2«. Table 3.1 gives values for absorption coefficients of ZnO and probing depths

for each laser source.

Table 3.1: Absorption coefficient and approximate probing depth of ZnO using 325 nm

and 532 nm excitation sources.

A = 325 nm A = 532 nm

a (em™1) Depth | «a (em™!) | Depth

7n0 | ~160,000 [41] | 30 nm | ~8,500 [41] | 600 nm
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Chapter 4

RESULTS AND DISCUSSION

4.1 Undoped ZnO

4.1.1 Frequency shifts of the Eg”yh Raman mode due to residual stress in

epitaxial ZnO thin films [74]

Many potential devices and applications for ZnO require the use of thin films, however one significant
challenge has been to develop an understanding of the effect of stress on the optical properties due to
the lattice strain in heteroepitaxial ZnO films on different substrates. Residual stress within epitaxial
thin films usually results from a combination of differences in coefficients of thermal expansion
(thermal mismatch) and differences in atomic lattice spacing (lattice mismatch) between the film
and substrate materials. An understanding of the resulting residual stress and a method to easily
characterize it are important for the development and optimization of devices that use ZnO thin
films.

Typically the residual stress is determined by measuring the out-of-plane lattice strain using x-ray
diffraction (XRD) [42,75,76]. Raman spectroscopy has been widely used to qualitatively determine
the residual stress state of ZnO thin films, but its use in quantitative analysis has been limited to
high pressure investigation of bulk ZnO using diamond anvil cells [68,77,78] and thin films of other
material systems such as AIN [79]. In a recent study [74] the residual stress of ZnO thin films was
investigated as a function of thickness for films deposited on c-plane sapphire substrates using pulsed
laser deposition (PLD). The results of residual stress with film thickness are then directly compared
to the observed frequency shifting of the ZnO Eg”y " Raman mode.

ZnO thin films were deposited on c-plane sapphire substrates using PLD. A KrF excimer laser
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(A=248 nm) with a pulse frequency of 2 Hz was directed at a ceramic ZnO target at a 45° angle
of incidence. The deposition conditions were initially optimized for the narrowest x-ray rocking
curve and then maintained throughout our experiments. The depositions were performed with an
0, pressure of 350 mTorr, a substrate temperature of 650°C, and a laser energy of 3 J/cm?. By
varying the deposition time, the resulting films had nominal thicknesses between 5 and 100 nm.
After growth, the films were characterized with a combination of XRD, high-resolution transmission
electron microscopy (HR-TEM), and Raman spectroscopy. XRD experiments were performed at
LANL with a PANalytical MRD PRO x-ray diffractometer using Cu K,, radiation (A= 1.5418 A).
The HR-TEM measurements were also performed at LANL with a FEI Tecnai F30 transmission
electron microscope operating at 300 kV with a point to point resolution of 0.21 nm. Raman
spectroscopy was performed at room temperature using a confocal microscope and the 532 nm line
from a frequency-doubled Nd:YAG laser. Laser light was focused on the specimen with a 100x/0.9NA
microscope objective and the scattered light was re-collected with the same objective and focused
onto a 100 um optical fiber acting as a confocal pin-hole. The light was then dispersed by a 0.3 m
monochromator using an 1800 groove/mm grating and detected by a thermoelectrically-cooled charge
coupled device (CCD) camera.

As illustrated by the HR-TEM image shown in Fig. 4.1, the resulting films were found to have
a sharp interface between the film and the substrate and were highly epitaxial with respect to the
c-plane sapphire substrates as evidenced by the selected electron diffraction pattern shown in the
inset of Fig. 4.1. From both the XRD analysis and the electron diffraction pattern, the epitaxial
relationship between the film and the substrate can be described as (0001)zn0||(0001)sapphire and
[1010]2n0|[2110]sapphire; Which is consistent with previous reports [80].

To determine the lattice strain of the ZnO films, the out-of-plane lattice parameter was calculated
from the 20 position of the (0002)ZnO diffraction peak using Bragg’s law. Figure 4.2 shows the
measured out-of-plane lattice constant c, as a function of film thickness and the inset shows a
typical XRD 20-scan pattern that was collected from the specimens. For all but the thickest film
a lattice constant smaller than that for bulk ZnO (5.2066 A) [21] was observed, indicating a state
of compressive residual out-of-plane stress. With increasing film thickness the measured lattice
constant approached that of bulk ZnO, indicating the residual stress was relieved. This reduction
in out-of-plane stress with increasing film thickness is consistent with reports in the literature for
epitaxial films and has been attributed to a transition from 2D layer growth to 3D columnar growth
in the film that leads to a relaxation of the stress [42].

To estimate the magnitude of the residual stress state of the films, a biaxial state of stress was
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Figure 4.1: HR-TEM image of a 100 nm thick ZnO film showing a sharp interface between
the film and substrate. The inset shows the electron diffraction pattern of the ZnO film

on the c-plane sapphire substrate [74].
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Figure 4.2: Out-of-plane lattice constant and corresponding estimate of biaxial stress in
the ZnO films as a function of film thickness. The dashed line represents the reported
lattice constant for bulk ZnO (5.2066 A) [21]. The inset is a typical XRD 20-scan pattern
obtained from the 100 nm thick film, where the (0002)ZnO peak is used to calculate the

out-of-plane lattice constant [74].

23



assumed in which the out-of-plane stress was zero (o, = 0). The stress in the film is then given as
O film = (O’x + O'y)/2 = [013 - 033(011 + 012)/2013]5z (41)

where C;; are the elastic stiffness components, and €, = (¢ — ¢p)/co is the out-of-plane lattice
strain. Using the reported elastic stiffness components for bulk single crystal ZnO [81], Eq. 4.1
reduces to o fim = —227(c — ¢g)/co = —227¢, GPa where c is the measured lattice constant and ¢
is the unstrained lattice constant, 5.2066 A. Whereas previous measurements of ZnO films grown
on c-plane sapphire by RF magnetron sputtering have resulted in different values of C;; compared
to that of bulk ZnO [82], the use of these thin film values in Eq. 4.1 results in a nearly identical
relationship to that shown above (o fim = —225¢, GPa). The estimated biaxial stress as a function
of film thickness is shown in Fig. 4.2. The biaxial stress was found to be relieved with increasing
film thickness, which is expected considering that the lattice strain of thin films will be relaxed for
films thicker than a critical thickness.

Raman spectroscopy was performed on the specimens and the resulting spectra in the vicinity
of the ZnO Egigh peak are shown in Fig. 4.3. To compare the Raman response of the thin films
to that of bulk single crystal ZnO, Raman spectroscopy was also performed on bulk single crystal
ZnO produced by Eagle-Picher that was grown by the seeded chemical vapor transport (SCVT)
method [83]. As shown in Fig. 4.4, the Raman spectrum for the bulk crystal exhibited three distinct
Raman peaks centered at 333.4, 439.4, and 1159 cm~!. The peaks at 333.4 cm~! and 1159 cm ™! are
associated with overtones of multiple vibration modes, while the peak at 439.4 cm™"' is due to the
Egig " vibration mode [84]. For the 100 nm thick film, the same three ZnO peaks were also observed,
in addition to multiple peaks originating from Al,O; vibrational modes in the sapphire substrate.
With decreasing film thickness, the ZnO Raman peaks decreased in intensity. To determine the

igh peak from each film, fittings were performed using Gaussian line shapes.

frequency of the E;L
Since the Egigh peak is located between two Al,O; Raman peaks, it was necessary to fit three
separate peaks over the spectral range from 425 to 460 cm™!. Since the 5 nm thick film showed no
obvious Egigh peak due to its small thickness, the spectrum from this film was used to determine
the frequency and width of the Al,O, peaks which were then used for fitting of the spectra from
the other films. These Al,O, peaks were centered at 431.0 and 449.7 cm™! and had full width at
half maximums (FWHMSs) of 9.3 and 6.8 cm ™!, respectively. With the frequency and width of these
two peaks fixed, a least-squares routine was used to find the best fit for the ZnO Egigh peak. The

fit peaks and their superposition are also shown in Fig. 4.3 and were in good agreement with the

collected spectra.
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Figure 4.3: Raman spectra of the ZnO thin films on c-plane sapphire substrates. The
markers are collected data points and the solid line is the cumulative fit of the fit peaks
shown as dashed lines. For clarity the spectra have been offset vertically and the vertical

line represents the stress-free position of the Egig " peak [74].
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Figure 4.4: Raman spectrum of bulk single crystal ZnO.
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Figure 4.5: Biaxial stress of the ZnO films as a function of the shift in the Egigh peak

position from its stress-free position [74].

Figure 4.5 shows the biaxial stress of the films as a function of the Egi‘qh peak frequency shift
from its stress-free value. Consistent with reported relationships between applied hydrostatic stress
and shifting of the ZnO Egiyh Raman mode, a linear fit of the data was performed [68,77]. The
stress and corresponding peak shift were found to be related by 0 = —170.7Aw, where o is the stress
in MPa and Aw is the shift of the Egigh frequency from that of the stress-free frequency in cm™'.
The value of the obtained slope is in agreement with previous reports from bulk ZnO where Mitra
et al. [77] reported an approximate value of -200 MPa/cm™~! and Decremps et al. [68] reported an

approximate value of -100 MPa/cm™1.

The maximum hydrostatic pressure used by Mitra et al.
was roughly 1 GPa. Decremps et al. applied a hydrostatic pressure up to approximately 9 GPa,
where the wurtzite structure transitioned to a cubic structure. These results indicate that Raman
spectroscopy is a useful method for quantifying the biaxial stress of ZnO thin films.

In conclusion, epitaxial ZnO films with different thicknesses from 5 nm to 100 nm were deposited
on c-plane sapphire substrates by pulsed laser deposition. XRD measurements indicated that for
films < 100 nm in thickness the resulting out-of-plane lattice constants were smaller than that of
bulk ZnO. This compressive biaxial stress was relieved with increasing film thickness. Raman spectra
Egigh

from the films exhibited an peak that shifted to higher frequencies with decreasing thickness

. . . . . high
or increasing compressive stress. The biaxial stress and change in the E5"?" Raman mode frequency

are related by a factor of approximately -170 MPa/cm ™!, which is in agreement with reported values
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in the literature of bulk ZnO under applied hydrostatic stress. These results indicate that instead of
using Raman spectroscopy to only qualitatively determine whether the residual stress of ZnO thin
films is compressive or tensile as previous studies have done, it can be used to provide a quantitative

estimate for the magnitude of the biaxial residual stress of ZnO thin films.

4.1.2 Photoluminescence Response of Films on c-plane Sapphire

Photoluminescence spectroscopy (PL) was performed on several sets of specimens. The first set
was the same as that reported for the Raman spectroscopy results in Section 4.1.1. This initial
set was created using a laser energy of 3 J/cm?, the only substrate used was c-plane sapphire, and
the nominal film thicknesses ranged from 5 nm to 100 nm. PL experiments were performed at
temperatures ranging from 4.2 K to 300 K. The PL response of these films was found to have a
very low intensity, which led to changes in the deposition parameters used in subsequent sets. An
overview of the results of this first set of specimens follows.

Figures 4.6, 4.7, and 4.8 show PL spectra for 100 nm, 50 nm, and 20 nm thick films, respectively,
that were collected at temperatures ranging from 4.2 K to 300 K. There was a monotonic decrease in
intensity with increasing temperature for all films. PL emission from the 10 nm and 5 nm thick films
was not intense enough to be distinguished from the instrument noise, with the only exception being
at temperatures very near 4.2 K. The near-band edge (NBE) emission from all three of these films at
4.2 K was dominated by a single peak located between 3.36 eV and 3.37 eV, which is consistent with
the energy of a neutral-donor-bound-exciton (D°X). With increasing temperature the dominant
DX emission shifted to lower energies (red shifted) as would be expected [58]. Identification of
the main emission peak from the 100 nm thick films as being related to D°X is further supported
by the presence of a shoulder that developed on the higher energy side of the main peak at lower
temperatures. The shoulder was centered near 3.377 eV, which is consistent with the position of the
free-exciton (FX,) emission and its presence was not obvious for the films < 100 nm thick.

Figure 4.9 shows PL spectra collected at 4.2 K from all the films plotted together. The relative
intensity of the PL emission can be seen in the left plot of Fig. 4.9. The right plot of Fig. 4.9 shows
the relative positions of the PL emission for each film by normalizing with respect to the highest
observed intensity. With decreasing film thickness the intensity of the NBE emission monotonically
decreases. The main NBE emission observed for both the 100 nm and 50 nm thick films was centered
near 3.362 eV, while that of the 20 nm and 10 nm thick films were both slightly blue-shifted and

centered near 3.370 eV. For the 10 nm thick film a second peak centered near 3.338 eV was also
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Figure 4.6: PL spectra for the 100 nm thick ZnO film on c-plane sapphire collected at

temperatures from 4.2 K to 300 K.
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Figure 4.7: PL spectra for the 50 nm thick ZnO film on c-plane sapphire collected at

temperatures from 4.2 K to 300 K.
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Figure 4.8: PL spectra for the 20 nm thick ZnO film on c-plane sapphire collected at

temperatures from 4.2 K to 300 K. The discontinuity near 3.4 eV is an artificat of the

monochromator.
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Figure 4.9: PL spectra for 100, 50, 20, 10 and 5 nm thick ZnO films collected at 4.2 K.
Left plot is on an absolute intensity scale and the right plot has been normalized to show

peak locations.

observed. The origin of this broad, weak peak is likely defect complexes that have been reported in
other ZnO thin films and nanostructures [85,86]. For the 5 nm thick film, the peak centered near
3.338 eV was the most intense emission and the higher energy peak was further blue shifted (near
3.376 eV). Since the position of the higher energy peak from the 5 nm thick film is near that of the
FX4, it is difficult to identify whether this is in fact a DX emission blue shifted due to residual
strain in the film or if it originates from the FXj,.

For comparison, the PL spectrum of the 100 nm thick film is plotted in Fig. 4.10 along with
the PL spectra from chemomechanically polished single crystal bulk ZnO [58] and a 100 nm thick
undoped ZnO film that was prepared as part of an investigation into doping ZnO thin films with
ReO, [87]. No comparison should be made between the absolute intensity of the bulk ZnO PL
spectrum and those of the thin films. The ZnO film from the ReO, doping study was also deposited
on c-plane sapphire by PLD using all of the same parameters, with the one exception being the
laser energy. The films from the ReO, study used a laser energy of 2 J/cm?, which results in a
slower rate of deposition compared to the films deposited with a laser energy of 3 J/cm?. The
difference observed between the PL emission from the two different films was surprising considering
their similarity (e.g., same composition, thickness, substrate, etc.).

The PL peaks from the bulk ZnO centered near 3.36 eV are associated with excitons bound to

defect pair complexes that simulate neutral-donors (there were six clearly resolved DX peaks), while
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Figure 4.10: PL spectra collected at 4.2 K from chemomechanically polished bulk single
crystal ZnO [58], the 100 nm thick ZnO film in the thickness dependence study, and the

100 nm thick 0% ReO, ZnO film grown on c-plane sapphire in the ReO, study.

those centered near 3.33 eV are associated with two-electron satellites (TES) transitions of neutral-
donor-bound-excitons [72]. Not clearly observed from from Fig. 4.10 due to its low intensity relative
to the DX emission is a free-exciton (FX, ) emission from bulk single crystal ZnO that was centered
at 3.378 eV. The ZnO film from the ReO, study exhibited PL emission in the same spectral region
as the bulk ZnO, but the emission lines were broad and no distinct structure was observed. In the
higher energy part of the spectrum there was a broad emission that was composed of two emissions
centered near 3.366 eV and 3.371 eV; both emissions were attributed to D°X. On the higher energy
side of the D°X emissions is a weak shoulder at 3.377 eV related to the FX,. The lower energy
peak near 3.33 eV from the thin film in the ReO, study has been observed in a variety of ZnO
thin films and nanostructures, and the origin of it has been the center of debate in the literature.
Since the 3.33 eV peak has the approximately the same energy as the TES peak found in bulk
single crystal ZnO, some have attributed it to a TES related emission [88,89]. Deep donor-bound
excitons [90], as well as acceptor-bound excitons [91] have also been cited as possible sources. Most
recent investigations have suggested that the 3.33 eV is related to recombinations involving defects,
particularly extended defects often on or near the surface or grain boundaries [85,86,92]. Guillemin

et al. [86] found that the intensity ratio of the FX4 to the 3.33 eV peak was highly dependent upon
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the ZnO particle size in their specimens, which were created by dip coating ZnO nanoparticles on
a Si substrate. With decreasing particle size the 3.33 eV peak became much more intense than the
FXa peak. PL emission from the 100 nm thick film in the thickness dependence study was very
weak and has been magnified in Fig. 4.10 by a factor of 30. Only a single peak was observed and
its position at 3.361 eV was consistent with that of a neutral-donor-bound-exciton (D°X) emission.
The shoulder on the higher energy side of the D°X peak centered at 3.377 eV is related to FX,.
Based on the very low intensity of the PL emission from the films compared to that of the
undoped film from the ReO, study, it was decided to create new films with a range of thicknesses

using a lower laser energy.

PL of ZnO Thin Films Deposited with a Lower Laser Energy

Based on the poor PL results from the first set of undoped ZnO thin films deposited on c-plane
sapphire, a new set of specimens were created. This set of specimens consisted of undoped ZnO thin
films that were created by depositing films with a range of thicknesses on several different substrate
materials. The films were deposited by pulsed laser deposition (PLD) using a laser power that was
lower than what had been used to create the initial set of undoped specimens used in the Raman
spectroscopic investigation in Section 4.1.1 (2 J/cm? instead of 3 J/cm?). The substrates and film
thicknesses are summarized in Table 4.1. The r-plane sapphire substrate was investigated to achieve
a different amount of residual stress compared to films with the same thickness grown on c-plane

sapphire.

Table 4.1: Substrates used for deposition of ZnO and the ZnO thin film thicknesses.

Substrate ZnO Film Thickness

c-plane sapphire | 100 nm, 50 nm, 30 nm, 15 nm

r-plane sapphire | 200 nm, 100 nm, 50 nm, 30 nm, 15 nm

Photoluminescence experiments were performed on the films created with the lower laser power
at temperatures between 4.2 K and 300 K. The PL spectra for the 100 nm film on c-plane sapphire
obtained at temperatures from 4.2 K to 300 K are shown in Fig. 4.11. Note the use of a semi-
log plot to be able to more easily see the spectra over the whole range of temperatures. With
decreasing temperature the PL intensity continuously increased and fine structure in the form of

multiple narrow peaks could be observed. Curve fittings using Lorentzian line shapes and a least

33



42K 25K 125K
15K 100K 150K 250K 300K

10°

RN
o
(&)

Defect-1LO DAP

—
o
™

DAP-1LO

T T TTTTT
1l

-
o
w

PL Intensity (arb. unit)

3.35 3.4

3.2 3.25 3.3

Energy (eV)

Figure 4.11: PL spectra for a 100 nm thick ZnO film on c-plane sapphire substrate
for temperatures ranging from 4.2 K to 300 K (the intensity decreases with increasing

temperature).

squares routine were performed on each individual spectrum. At 4.2 K the most intense peak from
the 100 nm thick film was centered at 3.3620 eV, which is consistent with the D$X transition [60].
On the high energy side of the D$X peak was a shoulder centered at 3.3665 eV that is consistent
with the energy of the DX transition [60]. The full width at half maximum (FWHM) of the D§X
and D?X peaks were approximately 4.4 meV and 3.1 meV, respectively. These FWHWs are larger
than the 1 meV that has been reported for high quality, single crystal ZnO [58], but is on the lower
side of previously observed values for ZnO thin films [14]. On the high energy side of the donor
bound exciton emissions was a peak centered at 3.3776 eV, which is consistent with the position of
the FX 5 emission. At 4.2 K there was no clear evidence of any higher energy peaks or shoulders

other than the FX emission.
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The second most intense emission from the 100 nm thick film at 4.2 K was centered at 3.3325 eV.
Since this has approximately the same energy as the two-electron satellite (TES) peak found in bulk
single crystal ZnO, some have attributed such a peak in thin films to a TES related emission [88,89].
Deep donor-bound excitons [90], as well as acceptor-bound excitons [91] have also been cited as
possible sources of this emission in thin films. Most recent investigations of ZnO nanostructures and
thin films have suggested that the 3.33 eV emission is related to recombinations involving defects,
particularly extended defects often near either the surface or grain boundaries [85,86,92]. Guillemin
et al. [86] found that the intensity ratio of the FX, to the 3.33 eV peak was highly dependent upon
the ZnO particle size in their specimens, which were created by dip coating ZnO nanoparticles on
to a Si substrate. With decreasing particle size the 3.33 eV peak became much more intense than
the FX peak.

On the lower energy side of the NBE emission, there were weaker peaks centered at 3.2908 eV
and 3.2186 eV. The peak at 3.2908 eV is separated from the highest intensity neutral-donor-bound-
exciton (DIX) at 3.362 eV by 71 meV. This value is very close to the energy of the longitudinal
optical (LO) phonon in ZnO (72 meV). For this reason, Thonke et al. [59] attributed this peak to a
phonon replica of the neutral-donor-bound-exciton. However, Hamby [72] noted that there were no
previous reports of LO phonons coupling with neutral-donor-bound-excitons and this peak from his
high quality single crystal ZnO was asymmetric leading to its identification as a donor acceptor pair
(DAP) emission. Due to both the relatively low intensity of this peak from the 100 nm thick film
and its location on the low energy tail of the 3.3325 eV defect peak, it is difficult to say if the same
asymmetry is also present. Identification of the 3.2908 eV as a DAP consistent with that of Hamby
seems reasonable. The energy difference between the 3.2186 eV peak and the 3.2908 eV peak is
72 meV. Identification of this peak as the 1LO phonon assisted DAP transition is also consistent
with what Hamby [72] reported for single crystal bulk ZnO.

There were also two closely spaced peaks centered at 3.2686 eV and 3.2586 eV that had similar
intensities as those of the DAP emission and its phonon replica. The 3.2586 eV peak is separated
by 74 meV from the 3.3325 eV defect emission. This makes the most plausible source of the peak at
3.2586 eV the 1LO phonon replica of the 3.3325 eV defect emission. The origin of the the 3.2686 eV
peak has not been identified and no reports of its existence at 4.2 K in undoped ZnO thin films have
been found.

With increasing temperature each of the peaks observed at 4.2 K from the 100 nm thick film
generally exhibited a continuous decrease in intensity, broadened, and shifted to lower energy. One

notable exception to this was the total intensity (product of the peak intensity and FWHM) of
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the FX4, which increased with increasing temperature from 4.2 K to 50 K and then decreased
with further increasing temperature. This was also consistent with what Hamby [72] observed for
bulk ZnO and was attributed to the thermal dissociation of donor bound excitons that resulted in
the creation of a free-exciton and a neutral-donor (D% — FX + D). The DAP, DAP-1LO, the
defect-1LO, and unidentified 3.2686 eV peaks were only observed at temperatures up to 25 K and
by 50 K had become indistinguishable from the background. At 50 K there was a new shoulder
that developed on the high energy side of the FX4 peak that had an energy of 3.3830 eV. The
energy of this shoulder is consistent with the FXp emission and its observation at 50 K is consistent
with what has been reported for bulk ZnO [58]. Analysis of peak positions for temperatures above
150 K became difficult due to the broadening of the emission lines and the thermal dissociation of
the donor-bound excitons into free-excitons. Only a single broad peak was found at temperatures
of 200 K and above.

Temperature dependence of the energy of selected peaks from the 100 nm thick film on c-plane
sapphire is shown in Fig. 4.12. Shown are the peak positions of the FXg, FX,, DX, D}X, and
3.3325 eV defect emission. The FX, energy at 300 K for single crystal bulk ZnO is also shown in
Fig. 4.12 using the symbol (O) and was determined by subtracting the exciton binding energy of
ZnO (60 meV) from the room temperature band gap of ZnO (3.37 eV) [58].

Figure 4.13 shows the natural logarithm of the total intensity of the D§X peak for the 100 nm
thick film on c-plane sapphire. The thermal activation energy (E4) of the donor-bound excitons
(D§X) was estimated to be 13.3 meV based on a fit of the linear portion of the data. A similar fit
of the data for the DX found an E, value of approximately 8.8 meV. Based on the energy of six
different observed bound-exciton emissions, Hamby [72] concluded that the binding energy of the
exciton to the defect-pair complexes ranged from 10 to 20 meV. The most intense of these peaks in
chemomechanically polished ZnO was found to have an E4 of 14 meV. Both of the E4 values for
the D§X and D?X peaks from the 100 nm thick film on c-plane sapphire are in reasonable agreement
with those for single crystal bulk ZnO.

Figure 4.14 shows the PL spectra for the 50 nm thick film on c-plane sapphire. At 4.2 K the
FX was observable as a shoulder on the most intense emission peak and was centered at 3.3794 eV.
This is blue shifted from that of the 100 nm film by 1.8 meV. The most intense peak was the
convolution of two emission peaks that were determined by curve fitting to be centered at 3.3641 eV
and 3.3565 eV. The energy of these peaks are consistent with neutral-donor-bound-excitons, but are
at different energies than the two D°X emissions observed from the 100 nm thick film. The 3.3641 eV

and 3.3565 eV energies are instead consistent with those of the D{X and D{X transitions in bulk
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Figure 4.12: Temperature dependent energy of several NBE emissions from the 100 nm
thick ZnO film on c-plane sapphire. The 300 K FX energy for single crystal bulk ZnO
was calculated using the band gap energy of bulk ZnO minus the exciton binding energy

of 60 meV and is represented by the open square symbol.
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ZnO, respectively. The fact that the FX, was blue shifted would be another plausible reason for
seeing a shift in the energy of the DYX emissions. However the two DX peaks were not blue shifted
by the same 1.8 meV shift of the FX 5 compared to those of the 100 nm thick film. The most likely
reason for the change in the D°X energies are the presence of different crystal defects from those in
the 100 nm thick film. Additional less intense peaks were observed that were centered at 3.3264 eV,
3.3064 eV and 3.2518 eV. Consistent with the identification of the peaks from the 100 nm thick film,
the most likely source of the 3.3264 eV emission is related to extended defects and the 3.2518 eV
emission is its 1LO phonon replica. The peak at 3.3064 eV is likely the DAP emission.

As with the 100 nm thick film, the total intensity of the FX, emission was found to increase
with increasing temperature and reached a maximum at 25 K. With further increasing temperature
the FX A total intensity continuously decreased. Temperature dependence of the energy of selected
PL peaks from the 50 nm thick film on c-plane sapphire is shown in Fig. 4.15. Shown are the peak
positions of the FX,, DX, DYX, and 3.3264 eV defect emission. The FX, energy appears to again
approach that of the single crystal bulk ZnO near room temperature.

The peak widths of the DX and D{X emissions at 4.2 K were 6.2 meV and 10.7 meV, respectively.
These FWHM values are roughly twice those of the DYX emission from the 100 nm thick film. This
broadening of the the D°X peaks points to an increase in damage and dislocations in the 50 nm
thick film compared to the 100 nm thick film. Hamby [83] observed that the width of one DX peak
was 1 meV for a chemomechanically polished single crystal ZnO surface compared to 2.3 meV for a
mechanically polished surface.

The estimated thermal activation energy of the DX emission from the 50 nm thick film was
found to be approximately 17.5 meV. This is higher than either of the two D°X emissions from the
100 nm thick film, but still within the 10 to 20 meV range expected for the binding energy of the
exciton to the defect-pair complexes in bulk ZnO. The relatively small temperature range over which
the DYX emission was observed made it difficult to estimate the E 4 for it.

Figure 4.16 shows the PL spectra for the 30 nm thick films on c-plane sapphire. Much of the fine
structure found in the thicker films is not observed; at low temperature there are three distinct broad
peaks centered at 3.3562 eV, 3.3141 eV, and 3.2488 eV. The 3.3562 eV peak has approximately the
same energy as the DX emission in bulk ZnO. The FWHM of the D{X peak was 13.8 meV, which is
broader than the D°X emissions from the 50 nm thick film indicating additional crystal defects and
disorder. The thermal activation energy of the DX was approximately 8.1 meV, which still falls
within the anticipated range of binding energies of neutral-donor-bound-excitons. No evidence of

FX 4 emission in the form of a shoulder on the higher energy side of the D°X emission was observed.
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Figure 4.14: PL spectra for a 50 nm thick ZnO film on c-plane sapphire substrate for
temperatures ranging from 4.2 K to 300 K (the intensity decreases with increasing tem-
perature). The slight discontinuity near 3.25 eV at the higher temperatures is not a real

peak but is an artifact of the spectrometer.
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Figure 4.15: Temperature dependent energy of several NBE emissions from the 50 nm
thick ZnO film on c-plane sapphire. The 300 K FX, energy for single crystal bulk ZnO
was calculated using the band gap energy of bulk ZnO minus the exciton binding energy

of 60 meV and is represented by the open square symbol.
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Figure 4.16: PL spectra for a 30 nm thick ZnO film on c-plane sapphire substrate for
temperatures ranging from 4.2 K to 300 K (the intensity decreases with increasing tem-
perature). The slight discontinuity near 3.25 eV at the higher temperatures is not a real

peak but is an artifact of the monochromator.

The shape of the peak at 3.3141 eV appears to be consistent the extended defect peak that was
centered at 3.3325 eV for the 100 nm thick film and at 3.3264 eV for the 50 nm thick film. With a
65.8 meV difference between the energy of the 3.2488 eV peak and the extended defect peak, it is

unlikely this is the 1LO phonon replica of the defect emission, but may instead be a DAP related

emission.

As shown in Fig. 4.17, the only distinct feature in the PL spectrum collected at 4.2 K from the

15 nm thick film was a very weak peak centered at 3.3624 eV with a FWHM of 13.7 meV. This peak
width is the same as the neutral-donor-bound-exciton emission from the 30 nm thick film. There

was also a broad background signal from 3.33 eV extending to lower energies, but the lack of any
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Figure 4.17: PL spectra for a 15 nm thick ZnO film on c-plane sapphire substrate for
temperatures ranging from 4.2 K to 100 K (the intensity decreases with increasing tem-
perature). The slight discontinuity near 3.25 eV at the higher temperatures is not a real

peak but is an artifact of the monochromator.

distinct structure made fitting impossible. There was no clear evidence of any shoulders on the high
energy side of the 3.3624 eV peak. With increasing temperature, the peak at 3.3624 eV decreased
in intensity and was no longer clearly distinguishable from the background for temperatures above
100 K. The spectral position and temperature dependent behavior are consistent with a neutral-
donor-bound emission. The energy of the peak is consistent with that of the DX in bulk ZnO [57].

With decreasing ZnO film thickness on c-plane sapphire the residual stress of the films as mea-
sured by XRD and Raman spectroscopy became more compressive (see Sec. 4.1.1). Based on previous
reports on the effect of residual strain and stress in ZnO, the higher compressive stress should have

resulted in an increase in the band gap and consequently a blue shifting of the NBE PL emis-
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sion [93-95]. However, there was no consistent evidence of this blue shift. There are a number of
reasons for this. The lack of an observable free-exciton emission from the 30 nm and 15 nm thick
films, where the stress was the highest magnitude and the expected blue shift would be largest, made
a direct measurement of changes in the magnitude of the band gap as a function of residual stress
not possible. With the absence of FX, emission from all the films, the use of D°X energies would
be another option to investigate the effect of residual stress on the band gap. The large number
of DX related emissions reported for ZnO in a relatively small spectral region makes it difficult to
know if the observed change in energy of the D°X emission as a function of film thickness is a result

of a change in the band gap, or simply a difference in the type of defects within the films.

4.1.3 Photoluminescence Response of Films on r-plane Sapphire

HR-TEM images (not shown but similar images are shown for doped films in Sec. 4.2) indicated
that the resulting films had a sharp interface between the film and the substrate and were highly
epitaxial with respect to the r-plane sapphire substrates as evidenced by the selected electron diffrac-
tion pattern. From both the XRD analysis and the electron diffraction pattern, the epitaxial re-
lationship between the film and the substrate can be described as (1120)z,0/[(0112)sapphire and
[0001]20|][0111]sapphire, Which is consistent with previous reports [14]. The resulting films are non-
polar, a-plane ZnO.

In comparison to the 100 nm thick film on the c-plane sapphire, the 200 nm thick film on r-plane
sapphire exhibited a less intense PL emission and a much different spectrum, as shown in Fig. 4.18.
The PL spectra for the 200 nm film on r-plane sapphire obtained at temperatures from 4.2 K to
300 K are shown in Fig. 4.19. At 4.2 K there was a distinct peak centered at 3.3767 eV that is
attributed to the FX,. This assignment is consistent with that of an emission of the same energy
from single crystal a-plane ZnO by Hwang and Um [96] and a-plane ZnO films by Han et al. [97].
There have been several other studies [98,99] that have assigned a similarly shaped peak with a
slightly higher energy (~3.385 eV) to a neutral-donor-bound-exciton with a localization energy of
34 meV. Additional higher energy peaks were also observed in those studies and assigned to the
free-exciton transitions. In the current study, no peaks or shoulders were observed at 4.2 K with a
higher energy than 3.3767 eV. Estimating the binding energy (localization energy) of the 3.3767 eV
emission using a fit of the initial linear portion of the natural logarithm of the total intensity as a
function inverse temperature yielded F4 =18 meV. A potential source of the difference between the

current study, Han et al. [97], and Hwang and Um [96] compared to that of Koida et al. [98] and
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Figure 4.18: Comparison between the PL spectrum of the 200 nm thick film on r-plane
sapphire at 4.2 K to that of the 100 nm thick film on c-plane sapphire. The narrow peaks

centered < 2.8 eV are not from the specimens but are instead laser lines.

Nam el al. [99] is a difference in the residual stress of the a-plane ZnO. A higher magnitude residual
stress would result in increasing the band gap and thus blue shifting of the PL emissions. In strain
free a-plane ZnO the free-exciton emission should be in agreement with that of c-plane ZnO.
Additional PL peaks were also observed at 4.2 K centered at 3.3408 eV, 3.3199 eV, 3.3056 eV,
3.2470 eV, 3.1759 eV and 3.1098 eV. Since the peak at 3.3056 eV is 71 meV from the FX,, it is
attributed to the 1LO-replica of the FX . The FX-1LO peak was only distinguishable from other
emissions in Fig. 4.19 up to 25 K. The 3.3408 eV peak is a neutral-donor-bound-exciton related
emission. For a-plane ZnO, Han et al. [97] observed a DX emission centered 3.351 eV and Hwang
and Um [96] observed a D°X emission centered 3.360 eV. The width of the D°X peak in the current
study was ~10 meV. This is about half the FWHM reported by Han et al. for the DX in a-plane
ZnO, but was roughly two to three times larger than the D°X emission reported above for c-plane

Zn0. This broadening is expected since ZnO films on r-plane sapphire tend to have poorer quality
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Figure 4.19: PL spectra for a 200 nm thick ZnO film on r-plane sapphire substrate
for temperatures ranging from 4.2 K to 300 K (the intensity decreases with increasing

temperature).

46



than those on c-plane sapphire.

The PL peak at 3.3199 eV shown in Fig. 4.19 is attributed to the recombination of a free-electron
to bound-acceptor (e — Ag). Schirra et al. [100] determined this particular emission was the result of
an electron in the conduction band that recombines with a hole that is bound to an acceptor state
created by basal plane stacking faults. The PL peaks at 3.2470 eV and 3.1759 eV are spaced from
the e — Ag peak by 72 meV and 144 meV, respectively. This would justify the assignment of the
first-order and second-order LO-phonon replicas of the e — Ay ((e — Ag)-1LO and (e — Ap)-2LO)
to the peaks at 3.2470 eV and 3.1759 eV, respectively, however the intensity of the the peak at
3.2470 eV is higher than that of the e — Ay emission. Therefore the peak at 3.2470 eV is attributed
to a DAP emission and the peak at 3.1759 eV is its first order LO-phonon replica. The source of the
PL peak at 3.1098 eV is a less clear, but might be the result of the second-order LO-phonon replica
of the DAP emission (DAP-2LO). It is centered 138 meV from the DAP emission, which is close to
expected value of a second-order LO-phonon replica in ZnO (144 meV).

From 78 K to 100 K there is a shoulder at about 3.3950 eV. The most plausible source of this
shoulder is the FXp emission since it has approximately the same energy and was also observed over
a similar range of temperatures as the FXp peak from the 100 nm thick film on c-plane sapphire.
No sign of the FX¢ emission at 3.419 eV was seen at any temperature [99].

As the temperature increased the peaks at 3.341 eV, 3.319 eV, and 3.304 eV merged into a single
peak and were indistinguishable from each other at 50 K. At room temperature there was a broad
emission that was clearly composed of at least two peaks centered at approximately 3.325 eV and
3.260 eV. The PL peak positions from the 200 nm thick film as a function of temperature are shown
in Fig. 4.20.

Figure 4.21 shows the PL spectra for the 100 nm thick film on r-plane sapphire. Fine structure
was more difficult to observe compared to the 200 nm thick film due to apparent peak broadening,
but the peak positions and general behavior as a function of temperature was similar. At 4.2 K the
FXa emission had shifted to a slightly lower energy compared to the 200 nm thick film and was
located at 3.3702 eV. The only emission that was not clearly observed from the 100 nm thick film
was the FX, — 1LO. The energy of the PL emissions as a function of temperature from the 100 nm
thick film on r-plane sapphire are shown in Fig. 4.22.

Very little emission was observed from the 50 nm thick film as shown in Fig. 4.23. At the lowest
temperatures there was a clear FX, related peak centered near 3.378 eV, but no other distinct
emission was observed. It is possible that there is also an e — Ay emission centered at 3.318 eV, but

it is hard to distinguish its presence from the background. At temperatures above 100 K it became
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thick ZnO film on r-plane sapphire.
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Figure 4.21: PL spectra for a 100 nm thick ZnO film on r-plane sapphire substrate
for temperatures ranging from 4.2 K to 300 K (the intensity decreases with increasing

temperature).
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Figure 4.23: PL spectra for a 50 nm thick ZnO film on r-plane sapphire substrate for
temperatures ranging from 4.2 K to 300 K (the intensity decreases with increasing tem-

perature).

difficult to identify the presence of the FX, peak.

A comparison of the spectra collected at 4.2 K for all the films (on both c-plane and r-plane
sapphire) is shown in Fig. 4.24 and a summary of the curve fitting results are shown in Table 4.2.
There was no clear evidence from the PL results that the residual stress in the films led to any
significant shifting of the PL emissions. One trend that was consistent for films on both types of
substrate is that the PL emission for the thickest films had the most narrow PL peak widths and they
broadened with decreasing film thickness. This indicates that the overall crystal quality improves as
the films become thicker. In general the a-plane ZnO films grown on the r-plane sapphire had larger
PL peak widths than those of the c-plane ZnO films grown on the c-plane sapphire. This indicates

that for a given film thickness, the a-plane ZnO will have more crystal defects than the c-plane ZnO.
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Overall, the crystal quality of both the c-plane and a-plane ZnO films in this study have been found

to be of very high quality compared to other films reported in the literature.

Table 4.2: Summary of curve fitting results from PL spectra collected at 4.2 K for both
c-plane ZnO (c-plane sapphire substrates) and a-plane ZnO (r-plane sapphire substrates)
thin films, along with those of bulk single crystal ZnO [57]. Energy values are in eV and
FWHM values are in meV.

FXa | DYX | DIX | DIX | DIX | DX | Defect | e — Ag
Bulk  Energy | 3.3771 | 3.3664 | 3.3650 | 3.3618 | 3.3598 | - ; -
Energy | 3.3776 | 3.3665 | - | 3.3620 | - ~ | 33325 | -
IR R N L e e e e
FWHM | 13 3.1 - 44 ; ] 10.8 ;
Energy | 33794 | - [33641| - [33565| - |3.324| -
50nm - - Tttt T T o
;é M pwHM | 55 ; 6.2 - 10.7 ; 20.1 ;
% Energy - - - - 3.3562 - 3.3141 -
L it i
& M pwHM |- ; ; ; 13.8 _ 36.0 -
Energy - - - 3.3624 - - - -
IR D U D I
FWHM | - ; - 13.7 - ] ; -
Energy | 3.3767 | - ; ; - 133408 | - | 33199
IR T T T e
FWHM | 107 ; - - - 10.2 ] 14.6
o
Z Energy | 3.3702 | - ; ; - | 33308| - | 33042
100 o L T TR R
g 100 pwnm | 175 ; ; ; - 13.1 ; 36.4
o
g Energy | 3.3780 | - ; ; - 33535 | - | 33187
IR N R D T e
FWHM | 27.4 ; - - - 44.2 ; 50.7

4.1.4 Debye Temperature

The temperature dependent behavior of the spectral center of the FX peak from the 100 nm thick
film on c-plane sapphire in the second set of specimens was fit using the Manoogian-Woolley (MW)
model [101]

E = Ey+ UT?® 4+ VO[coth(0/2T) — 1]

using a least squares routine in a commercial data analysis software (Origin). The first term,

Ey, represents the T=0 K band-gap intercept, the second term, UT", represents the effect of lattice

52



PL Intensity (arb. unit)

200 nm
100 nm
50 nm

PL Intensity (arb. unit)

3 305 31 315 3.2 325 3.3 3.35 34

Energy (eV)

Figure 4.24: PL spectra for all the ZnO films on c-plane sapphire (top) and r-plane

sapphire (bottom) collected at 4.2 K.
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Figure 4.25: MW fittings of the temperature dependent free-exciton peak position for
the 100 nm and 50 nm thick films.

dilatation on the band-gap, and the third term, V©[coth(©/2T")—1], represents the effect of electron-
phonon interactions on the band-gap. The coefficients obtained from the fitting were Ey=3.3795 eV,
U= 1.1 x 10° eV/K, S=1.41, V=-1.9 x 10~* eV/K, and ©=617.3 K. The Debye temperature, O p,
can be estimated from the average phonon temperature, ©, by ©p = 40/3. This gives a Debye
temperature of approximately 820 K. This is closer to the reported value of 920 K for ZnO [102]
than what Hildebrand observed from a 100 nm thick undoped ZnO thin film (766 K) [87] or Hamby
et al. reported for bulk single crystal ZnO (531 K) [58]. The resulting fit of the data is shown in
Fig. 4.25.

A fit of the temperature dependent PL data for the 50 nm thick film using the MW model
resulted in coefficients of Eg=3.3852 eV, U=1.2 x 10° eV/K, S=1.48, V=—2.4 x 10~* eV/K, and
© = 565.7 K. The resulting fit is also shown in Fig. 4.25 and implies a Debye temperature of 754 K.
This reduction in the Debye temperature with decreasing film thickness is consistent with what has
been observed in polycrystalline Au thin films [103], Cu nanowires [104], and Pt nanowires [105].

Such a decrease has been attributed to phonon softening at the surface, grain boundaries, disorder,
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defects, and impurities. A similar analysis was not possible for the 30 nm and 15 nm thick films
since the FX and DX appear as a single peak for all temperatures considered (78 K to 300 K).

A review of the literature for reports of changes in the Debye temperature as a function of film
thickness in ZnO indicated that there was no consensus on the Debye temperature of ZnO. Table 4.3
summarizes the most commonly reported values, which range from 305 K to 963 K. When compiling
the data, one supposition was that early experimenters may not have been able to create as high
quality ZnO as more recently has become available, and thus would tend to report lower Debye
temperatures. However, there is not a clear chronological trend. Looking at the types of materials
that were investigated (i.e., bulk, thin films, and various nanostructures), all have a wide range of
values, suggesting that the physical dimensions of the specimens are not the primary source of the
differences.

The exact source of the wide variation in reported Debye temperature is still unclear, but the
misuse of the Varshni equation when analyzing the temperature dependence of the PL results may

in part explain the variation. The Varshni equation is given by
E(T) = Eg+oT?/(T + )

and relates the band-gap at a given temperature to the the band-gap at 0 K, Ey, and two fitting
parameters « and S [118]. The constant § is commonly assumed to be the Debye temperature,
although Manoogian and Wooley showed that 8 = (3/8)©p. Good fits of experimental data have
been achieved, as long as the material has a low Debye temperature relative to the temperature over
which the PL measurements have been performed (commonly ©p < 300 K). When the material
has a large Debye temperature, poor overall fits of the data are common and g will frequently
take on a negative value. Two examples of this are diamond (Op = 2220 K and 5 = —1437) and
SiC(Op = 1150 K and § = —311) [118]. Part of the reason for this is that the contribution of the
lattice dilatation and phonon vibrations on the change in band-gap are lumped together and not
accounted for separately. This is one advantage of the MW model, in that these two contributions
are considered separately, and all the fitting parameters are independent of temperature.

The biggest disadvantage of the MW is the number of fitting parameters (5) that must be
determined. As an example of this, the temperature dependent PL data from Hamby et al. using
bulk single crystal ZnO is considered. Table 4.4 shows the fitting parameters and resulting Debye
temperatures using several different methods. The theoretical value was found using fixed values of
Ey, U, S, and V, with the only fitting parameter being ©. The Debye temperature was calculated

using ©p = (4/3)0. Hildebrand used a least square fitting routine that was written in VBA and
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used for the analysis of Re doped ZnO thin films [87]. Two commercial data analysis programs
were also used for fittings, specifically Origin and Matlab. The fitting of the same data with these
different methods resulted in Debye temperatures ranging from 413.33 K to 1080 K, which is about
the same variation observed in the literature. A much more extensive set of temperature dependent
PL data may be one approach to get more consistent results with the MW model.

In the literature the quality of ZnO (bulk single crystal, thin films, and nanostructured) resulting
from a particular synthesis method is regularly implied by the Debye temperature being in agreement
with other studies [103-105]. Based on the differences presented here, it becomes clear that such
values do not give any insight into the crystal quality between different studies. Other techniques
that give an actual measure of crystal quality (e.g., TEM, channeling RBS, etc.) should be considered

instead.

4.2 Doped ZnO Thin Films

A set of ReO, doped ZnO thin film specimens were created as part of an investigation that was
taking place parallel to the initial thickness dependent study of undoped ZnO films. This set is what
allowed for the comparison of the PL emission discussed in Section 4.1.2 to films that were created
with a lower laser energy. Hildebrand performed both Raman spectroscopy and PL spectroscopy
experiments on the films, which contained between 0 wt. % and 50 wt. % ReO,. All had a nominal
thickness of 100 nm [87]. Further analysis of data collected by Hildebrand and complementary
characterizations (TEM, XRD, and Hall effect measurements) were subsequently performed and are
reported here.

In preliminary investigations leading up to the work of Hildebrand, ZnO doped with Ru, Re, or
Ir were created [119]. The overall goal of doping was to improve the electrical properties of ZnO,
without having a negative impact on the optical properties. One potential advantage of the three
elements that were chosen is that all of their oxides are conductive. This is in contrast to the more
common approaches in the literature where Al, Mg, and Cr are used as dopants, all of which form
oxides that are electrical insulators. Since PLD growth of ZnO is performed in an O atmosphere,
oxidation of the doping elements is a possibility. In the case of doping with Ru, the ZnO took on a
dark color and green defect luminescence increased. Doping with Re showed the most promise with
carrier concentration relatively unchanged and carrier mobility slightly improved (a net increase in
conductivity). The NBE to defect emission ratio also increased. These initial promising results

eventually led to the work of Hildebrand and this study.
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Cross sectional TEM and HR-TEM measurements performed at CINT showed that the films had
a sharp interface with the substrates, as illustrated in Fig. 4.26. They were highly epitaxial with
the sapphire substrate as evidenced by the selected area electron diffraction (SAED) patterns also
shown in Fig. 4.26. The epitaxial relationship between the film and the c-plane sapphire substrate
can be described as (0001)z,0||(0001)sapphire and [1010]z,0|[2110]sapphire- The epitaxial relationship
between the film and the r-plane sapphire substrate can be described as (1120)7,01|(0112)sapphire and
[0001]210(|[0111]sapphire- Although the SAED patterns showed no evidence of a ReO, phase, the HR-
TEM image clearly showed that the film with 20 wt. % ReO, on c-plane sapphire had alternating
aligned columns of ZnO and ReO,. The widths of the ZnO columns were larger than those of
the ReO, columns. This columnar structure was not observed from films having concentrations of
ReO, < 20 wt. %. The cross sectional TEM images of films on r-plane sapphire also showed signs
of vertically aligned dislocations and grain boundaries. This observation is consistent with the PL
spectroscopy results of undoped ZnO films on r-plane sapphire in Sec. 4.1.3 where an e — Ay emission
was observed that was attributed to an electron in the conduction band that recombines with a hole
that is bound to an acceptor state created by basal plane stacking faults.

X-ray diffraction (XRD) was also performed on the doped ZnO films at CINT. The XRD patterns
for the films on c-plane sapphire, shown in Fig. 4.27, consisted of a (002)ZnO peak near 20=34.5°,
as well as a (006)Al,O5 peak near 20=41.8° resulting from the substrate. For the specimen that had
50 wt. % ReO, in the film, there was also a very weak (002)ReO, peak near 20=31.9°. The full width
at half maximum (FWHM) of the (002)ZnO rocking curve from the film containing 0 wt. % ReO,
on c-plane sapphire was 0.45°. With the addition of 5 wt. % ReO, the FWHM of the rocking curve
decreased to 0.33°, indicating a slight improvement in the overall crystal quality. Further increase
in the ReO, concentration led to a monotonic increase in the FWHM. For the films on r-plane
sapphire, the XRD patterns consisted of a (110)ZnO peak near 20=>56.7° and a (024)Al, O, peak
near 20=52.6°. The FWHM of the ZnO peak for doped films on r-plane sapphire decreased with
increasing ReO, concentration and reached a minimum at 10 wt. %. The FWHM values for films
with 20 wt. % and 50 wt. % ReO, were larger than those with lower concentrations. Consistent with
the PL spectroscopy results in Secs. 4.1.2 and 4.1.3 that indicated a poorer overall crystal quality in
the films deposited on r-plane sapphire, FWHM values for the films on r-plane sapphire substrates
were consistently larger than the films with the same ReO, concentration on c-plane sapphire.

A more thorough investigation of the PL response was reported by Hildebrand [87], but key
observations of the PL response from experiments performed since Hildebrand follows. At 77 K

the FX emission peak centered near 3.375 eV and FXp emission peak centered at 3.383 eV were
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Figure 4.26: HR-TEM image and SAED pattern of the ZnO films with 20 wt. % ReO,.
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observed from all of the films on c-plane sapphire except that with 50 wt. % ReO,. All the films
exhibited a DX emission centered near 3.360 eV. With decreasing temperature the FXg was no
longer observed and the intensity of the DX emission increased relative to that of the FX,. Con-
sistent with the approach used by Hamby et al., the Manoogian-Wooley (MW) model was applied
to the energy of the FX s emission peak as a function of temperature in order to estimate the Debye
temperature [58]. The Debye temperature of the undoped film was 766 K, which increased to 894 K
for the film containing 5 wt. % ReO,. With further increase in the doping concentration the Debye
temperature monotonically decreased with the 10 wt. % and 20 wt. % films having values of 742 K
and 557 K, respectively. A decrease in the Debye temperature of thin films has been associated with
grain boundaries, defects and impurities, disorder, and surface effects [103-105]. The higher Debye
temperature for the film with 5 wt. % ReO, may indicate it has higher crystal quality than the other
films, which is consistent with what was observed from the FWHM of the (002)ZnO rocking curves
in the XRD experiments. As pointed out in Sec. 4.1.4 there are many discrepancies in the literature
with regard to the Debye temperature of ZnO and even fitting the same data set with different
algorithms can result in a wide range of values. However, a comparison of the Debye temperature
between different films that was calculated with the exact same analysis process can provide some
insight into potential differences between the films.

At 4.2 K the PL spectra, shown in Fig. 4.28, were dominated by two peaks, an exciton bound
to a neutral-donor (D°X) centered near 3.363 eV and a peak centered near 3.333 eV that has been
reported to be associated with the recombination of excitons bound to extended defects [85,86]. The
PL spectra in Fig. 4.28 have been normalized with respect to the D°X peak, so the intensity of the
3.333 eV peak defect can be considered as the intensity ratio of the two peaks. The intensity ratio
of the DX to defect peak from the film with 5 wt. % ReO, was higher than that of the undoped
film, implying a reduction in the amount of extended defects that are responsible for the 3.333 eV
emission. Further increasing the ReO, concentration to 10 wt. % resulted in an increase in the
intensity ratio of the D°X to defect peak, implying the amount of extended defects was only slightly
less than the undoped film. This is consistent with the trends that were observed in the XRD and
Debye temperature results from these films. For the films with the highest ReO, concentrations little
to no defect emission peak was observed, which is likely the result of the appearance of a separate
ReO, in those films.

It is currently unknown how the Re is incorporated into the film at lower ReO, concentrations
(< 10 wt. %). For the film with 50 wt. % ReO,, XRD experiments indicated the presence of a

separate ReO, phase in the film. For films with 20 wt. % ReO,, TEM experiments also suggested
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Figure 4.28: PL spectra for the ReO, doped ZnO films at 4.2 K.

the presence of a separate ReO, phase that appeared as columns. No clear evidence of a ReO,
phase has been observed for films containing less than 20 wt. % ReO,. There are several possible
reasons for this. The amount and size of any ReO, phase may be below the detection limit of the
characterization techniques used. Another possibility is that the Re is substituting at Zn sites and
no separate ReO, phase is present. This would be consistent with the solubility limits of other
transition metals (e.g., Ti, V, Cr, Mn, Fe, Co, Ni and Cu) reported by Jin et al. [31], which ranged
between 2.5 and 20 mol % depending upon the element. The radius of Re has been reported to be
anywhere from 0.52 A to 0.77 A depending upon the charge and coordination, which is on the order
of or slightly smaller than the radius of tetrahedral Zn?* which is 0.74 A [120].

Although direct evidence is lacking, the combined results of XRD, Raman spectroscopy, and
PL experiments all suggest that Re substitution at Zn sites is likely for ReO, concentrations up
to 10 wt. %. With the addition of 5 wt. % ReO, there was a decrease in the FWHM of the
XRD rocking curve compared to the undoped film. Further increasing the ReO, concentration to
10 wt. % resulted in FWHM of the XRD rocking curve that was very close to that of the undoped
film. This suggests that 5 wt. % ReO, improved the overall crystal quality of the film and 10 wt. %

ReO, did not result in much of a change to the overall crystal quality compared to the undoped
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film. Raman spectroscopy experiments performed by Hildebrand indicated that the Eé”"gh Zn0O
Raman peak shifted to a slightly lower wavenumber for films with 5 wt. % ReO, compared to
the undoped film, which he reported exhibited a slightly compressive residual stress. The shift of
the Egigh Raman peak to a lower wavenumber would indicate the magnitude of the compressive
residual stress was slightly relieved. The film with 10 wt. % ReO, again shifted to a slightly lower
wavenumber indicating a further decrease in the magnitude of the residual stress. The film with
20 wt. % ReO, had a Egigh peak position that was shifted to a higher wavenumber than that of
the undoped film indicating that the residual stress was more compressive than that of the undoped
film. The Debye temperature as determined by the temperature dependent PL response of the films
followed a similar trend to the XRD and Raman response. The Debye temperature increased for the
film with 5 wt. % ReO, compared to the undoped film and the film with 10 wt. % ReO, had about
the same Debye temperature as the undoped film. Increasing the ReO, concentration to 20 wt. %
led to a considerable decrease in the Debye temperature. All of these results imply that adding
5 wt. % ReO, not only preserves the wurtzite crystal structure, but improves the overall quality
of the ZnO films. A further increase of the ReO, concentration to 10 wt. % results in films with
similar crystal quality as the undoped films. With ReO, concentration at or above 20 wt. % there
is a pronounced decrease in ZnO crystal quality and the appearance of a distinct ReO, phase.

Hall effect measurements were performed at CINT on the ReO, doped films. Since conductivity
is proportional to the product of the carrier concentration and carrier mobility, the results would
provide evidence as to whether the motivation to increase electrical conductivity was achieved. All
films were determined to be n-type and the measured carrier concentrations and carrier mobilities,
shown in Fig. 4.29, would likely provide additional insight into the effect of ReO, concentration
on the ZnO crystal quality. For films on c-plane sapphire the addition of 5 wt. % ReO, increases
both the carrier concentration and mobility compared to the undoped film, which imply an increase
in conductivity. The film on c-plane saphire with 10 wt. % ReO, showed an increase in carrier
mobility but a decrease in carrier concentration. This resulted in a net decrease in the conductivity.
With further increase in ReO, concentration, the conductivity decreased as a result of decreasing
carrier concentration and/or decreasing carrier mobility. For films on r-plane sapphire the carrier
concentration decreased for the film with 5 wt. % ReO, compared to the undoped film and then
increased with increasing ReO, concentration. The carrier mobility increased for both the film with
5 wt. % and 10 wt. % ReO, and then decreased with increasing ReO, concentration. This implies

that the film with 10 wt. % ReO, had the highest conductivity of the films on r-plane sapphire.
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Figure 4.29: Carrier concentration and carrier mobility as measured by Hall effect ex-

periments for ReO, doped ZnO films. The lines are guides for the eye.
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The theoretical room temperature electron mobility of ZnO is 300 cm?/V s [121], while experi-
mental results on high quality bulk single crystals are as high as 205 cm?/V s [122]. For thin films
the electron mobility is much less than for single crystals (< 100 cm?/V s) and is often dependent
upon the specific deposition conditions [123]. Carrier concentrations are higher in ZnO films than

in bulk single crystal (1017 em™3 compared to 10'® cm™3) as a result of crystal defects [123].
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Chapter 5

CONCLUSIONS AND FUTURE
WORK

The optical response of undoped ZnO thin films deposited on c-plane and r-plane sapphire has been

investigated by Raman spectroscopy and photoluminescence (PL) spectroscopy. By varying the film

thickness and substrate used for the film deposition, the effects of residual stress, crystallographic

orientation of the resulting film, and overall crystal quality were probed. Doped ZnO films were

also investigated with a combination of transmission electron microscopy (TEM), x-ray diffraction

(XRD), and Hall effect measurements to extend the previous work of Hildebrand [87]. These studies

included the effects of ReO, concentrations from 0 wt. % to 50 wt. %.

5.1 Conclusions

1. XRD measurements indicated that for films < 100 nm in thickness deposited on c-plane sap-

phire with a laser energy of 3 J/cm?, the resulting out-of-plane lattice constants were smaller
than that of bulk ZnO. To estimate the residual stress, a biaxial state of stress was assumed and
elastic stiffness constants reported in the literature were used. With increasing film thickness
the compressive residual stress was relieved until the 100 nm thick film was nominally stress
Eizn'gh

free. Raman spectra from the films exhibited an peak that shifted to lower frequencies

with increasing film thickness (decreasing magnitude of compressive stress). The stress and
corresponding EQ’@"’ peak shift were found to be related by ¢ = —170.7Aw, which is consistent

with reported relationships for bulk ZnO under applied hydrostatic pressure. These results

indicate that instead of using Raman spectroscopy to only qualitatively determine whether the
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residual stress of ZnO thin films is compressive or tensile as previous studies have done, it can
be used to provide a quantitative estimate for the magnitude of the biaxial residual stress of

ZnO thin films.

2. All films were found to be highly epitaxial with the substrate. For c-plane sapphire substrates,
the epitaxial relationship between the film and substrate can be described as (0001)z,0||(0001)sapphire
and [1010]z,0|[2110]sapphire- This resulted in c-plane ZnO films that are polar. For the r-plane
sapphire substrates, the epitaxial relationship between the film and substrate can be described
as (1120)zn0|[(0112)sapphire and [0001]zn0]][0111]sapphire- This resulted in a-plane ZnO films

that are non-polar.

3. Temperature dependent PL experiments from 4.2 K to 300 K for undoped ZnO films deposited
on c-plane sapphire with a laser energy of 3 J/cm? showed that they exhibited a very weak
emission intensity and little to no fine structure in the PL spectra was observable. By reducing
the deposition laser energy to 2 J/cm? (a lower deposition rate) the films deposited on c-plane
showed strong NBE emission with fine structure including emission related to free-excitons,
neutral-donor-bound-excitons, defects, a donor acceptor pair, and also phonon replicas of emis-

sions.

4. Differences in the specific type of neutral-donor-bound-excitons were observed from the films
on c-plane sapphire, but all had activation energies that were consistent with bulk single crystal
Zn0. The variation in the specific type of neutral-donor-bound-exciton observed from each film

could be explained by differences in the types of defects present within each film.

5. No consistent evidence of an increase in the ZnO band gap as a result of compressive stress
in the films was observed from the PL spectra for films on c-plane sapphire. The lack of an
observable free-exciton emission from the 30 nm and 15 nm thick films, where the stress was
the highest magnitude and the expected blueshift would be largest, made a direct measurement
of changes in the magnitude of the band gap as a function of residual stress not possible. With
the absence of FX 4 emission from several films, D°X energies could be used to investigate the
effect of residual stress on the band gap. The large number of DX related emissions reported
for ZnO in a relatively small spectral region made it difficult to confirm if the observed change
in energy of the DX emission as a function of film thickness was a result of a change in the

band gap, or simply a difference in the type of defects within the films.

6. Temperature dependent PL experiments from 4.2 K to 300 K for undoped ZnO films deposited
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10.

on r-plane sapphire showed strong NBE emission with fine structure including emission related
to free-excitons, neutral-donor-bound-excitons, free-electron to bound-acceptors, defects, and
also phonon replicas of emissions. A less intense neutral-donor-bound-exciton emission and the
appearance of the free-electron to bound-acceptor peak at 3.3199 eV and its first- and second-
order LO-phonon replicas were the biggest difference between the films on r-plane sapphire

compared to those on c-plane sapphire.

Cross-sectional TEM images of films on r-plane sapphire showed vertically aligned dislocations
and/or grain boundaries. This observation is consistent with the PL spectroscopy results of
undoped ZnO films on r-plane sapphire where a free-electron to bound-acceptor emission was
observed that was attributed to an electron in the conduction band that recombines with a

hole that is bound to an acceptor state created by basal plane stacking faults.

The energy of the FX of undoped ZnO films on c-plane sapphire as a function of temperature
was fit using the Manoogian-Woolley model. The 100 nm thick film was estimated to have
a Debye temperature of 820 K and the 50 nm thick film was estimated to have a Debye
temperature of 754 K. A lower Debye temperature is consistent with phonon softening at the
surface, grain boundaries, disorder, defects, or impurities. It was noted that a wide range of
values have been reported in the literature for ZnO, ranging from 305 K to 963 K. Some of
this variation may result from the misuse of the Varshni equation, which is only applicable
to materials with a low Debye temperature (Op < 300 K). Another potential source of the
variation was identified as the exact method in which the data is fit; it was shown that different
commercial software packages can lead to very different fitting parameters for the exact same

data set.

Selected area electron diffraction patterns from doped films showed no evidence of a ReO,
phase, but HR-TEM imaging clearly showed that the film with 20 wt. % ReO, on c-plane
sapphire had alternating aligned columns of ZnO and ReO,. The widths of the ZnO columns
were larger than those of the ReO, columns. This columnar structure was not observed from

films having concentrations of ReO, < 20 wt. %.

X-ray diffraction (XRD) patterns for the doped films on c-plane sapphire consisted of a
(002)ZnO peak near 20=34.5°, as well as a (006)Al, O, peak near 20=41.8° resulting from
the substrate. For the specimen that had 50 wt. % ReO, in the film, there was also a weak

(002)ReO, peak near 20=31.9°. For the doped films on r-plane sapphire, the XRD patterns
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consisted of a (110)ZnO peak near 20=56.7° and a (024)Al, O, peak near 20=>52.6°. The full
width at half maximum (FWHM) of the (002)ZnO rocking curve indicated that for films on
c-plane substrates, the addition of 5 wt. % ReO, improved the overall crystal quality. Further
increase in the ReO, concentration led to a monotonic decrease in the crystal quality. For
doped films on r-plane sapphire the FWHM of the (110)ZnO rocking curve indicated that
the crystal quality improved with increasing ReO, concentration and reached a maximum at

10 wt. %. Further increase in ReO, concentration led to a decrease in crystal quality.

11. Results from the Hall effect measurements on the doped films indicate that for films on c-
plane sapphire, the highest conductivity observed for the film with 5 wt. % ReO,,. For films on

r-plane sapphire, the film with a ReO, concentration of 10 wt. % had the highest conductivity.

5.2 Potential Future Work

e It remains unclear where the Re atoms are incorporated into the films with lower ReO, con-
centrations. The use of high resolution Rutherford backscattering spectrometry (HR-RBS)

may help to identify where the Re resides within the lattice.

e If HR-RBS proves successful at identifying where the Re resides, depth dependent measure-
ments could also be performed to see if the location varies as a function of distance from the

film/substrate interface.

e Directly measure the band gap of undoped ZnO films by UV-Vis spectroscopy to investigate

the band gap as a function of residual stress.

o Investigate the use of other substrates with cubic structures, such as strontium tin oxide (STO)

or MgO, for the growth of both undoped and doped films.

e Aging of bulk single crystal ZnO has previously been shown to result in changes to the PL

response. Similar investigation of the the effects of aging on thin films would be of interest.
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