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ABSTRACT

In this work, a body of knowledge is presented which pertains to the growth,
characterization and exploitation of high quality, novel II-IV oxide epitaxial films and structures
grown by plasma-assisted molecular beam epitaxy. The two compounds of primary interest
within this research are the ternary films NiyMg; 1O and Zn,Mg; O and the investigation focuses
predominantly on the realization, assessment and implementation of these two oxides as
optoelectronic materials. The functioning hypothesis for this largely experimental effort has
been that these cubic ternary oxides can be exploited - and possibly even juxtaposed - to realize
novel wide band gap optoelectronic technologies. The results of the research conducted
presented herein overwhelmingly support this hypothesis in that they confirm the possibility to
grow these films with sufficient quality by this technique, as conjectured.

NiMg; <O films with varying Nickel concentrations ranging from x =0 to x = 1 have
been grown on lattice matched MgO substrates (lattice mismatch € < 0.01) and characterized
structurally, morphologically, optically and electrically. Similarly, cubic ZnMg;.4O films with
Zinc concentrations ranging from x = 0 to x = 0.53, as limited by phase segregation, have also
been grown and characterized. Photoconductive devices have been designed and fabricated from
these films and characterized. Successfully engineered films in both categories exhibit the
desired deep ultraviolet photoresponse and therefore verify the hypothesis.

While the culminating work of interest here focuses on the two compounds discussed
above, the investigation has also involved the characterization or exploitation of related films
including hexagonal phase ZnMg; 4O, ZnO, CdZn; 4O and hybrid structures based on these

compounds used in conjunction with GaN. These works were critical precursors to the growth of
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cubic oxides, however, and are closely relevant. Viewed in its entirety, this document can
therefore be considered a multifaceted interrogation of several novel oxide compounds and
structures, both cubic and wurtzite in structure. The conclusions of the research can be stated
succinctly as a quantifiably successful effort to validate the use of these compounds and

structures for wide bandgap optoelectronic technologies.
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1. INTRODUCTION: A NOVEL METAL-II-OXIDE FAMILY

The materials of primary interest within the scope of this work—MgO, NiO, ZnO and
two of their ternary combinations -- comprise a rather diverse family of compounds. Apart from
the obvious commonality of all being oxides, it is not immediately evident how each of these
semiconductors is relevant to the others. In fact, among the three binary compounds, only one is
even considered a semiconductor in most discussions. MgO is normally classified solidly as an
insulator (E;= 7.8 eV) while NiO (E; = 4 e¢V) has classically been categorized as a so-called
Mott-Hubbard insulator. However, it is the author’s intent to demonstrate that these compounds
comprise a compatible and complimentary family of wide band gap optoelectronic materials.
The functioning hypothesis for this largely experimental effort has been that, with improved
growth techniques and advances in understanding of electronic properties, these oxides can be
incorporated and juxtaposed to realize novel wide band gap optoelectronic technologies.

Each of the binary compounds has been studied extensively in various fields of pure and
applied science for applications that are specific to that compound. They have been used
extensively in numerous industrial processes, consumer products and scientific apparatuses.
However, prior to recent decades they were of limited interest for their semiconductor properties.
This is due largely to two simple factors. First, because wide band gap semiconductor
technologies have lagged behind narrower gap ones in general, emphasis in the research
community on such materials for devices had not yet burgeoned. It was not until successes in the
GaN system became touted (and to a lesser extent ZnSe, SiC and others), that the appetite for

wide band gap technologies had been whetted. Second and more decisive perhaps, is the fact



that several key technologies which have advanced oxide film growth significantly had not yet
matured. Thus, pristine quality single crystal thin films and structures could not be grown.

Oxide film growth has benefitted from many of the same technologies that can be
credited with advancing other materials such as GaN. Modern sophisticated film growth
techniques including pulsed laser deposition (PLD), metalorganic chemical vapor deposition
(MOCVD) and molecular beam epitaxy (MBE) have all been applied to the oxide films of
interest with a high degree of success [1-10]. Many of the initial oxide investigations with these
methods occurred in the late nineteen-eighties and early nineteen-nineties spurred, in many
cases, by the success of these techniques with more popular oxide films of the time, particularly
high-temperature superconductors such as YBa;Cu3O75 [11, 12]. With continued refinement of
the growth methods and parameters for the oxide films, they have become of greater interest as
wide band gap materials.

Arguably one of the most significant advances for oxide growth has been the inclusion of
oxygen-plasma as the oxidizing agent in MBE or MOCVD [13, 14, 6, 15,9, 16-22]. Oxygen
plasma, which is typically produced by inductive coupling to a radio frequency field and injected
into the growth chamber, can produce highly uniform fluxes with monatomic oxygen densities as
high as 10* m™ [23-25]. In the case of MBE growth, pure oxygen is normally used whereas in
MOCVD methods there is often a carrier gas employed, though numerous variations of these
techniques exist. Such high concentrations of oxygen allow for growth to be carried out at
substantially lower pressures than using non-ionized oxygen (O,) would allow and therefore
offer inherent advantages in morphology. It is important to note the contributions made by PLD

to the study of oxide thin films [11, 4, 5, 8, 26-34]. With advances in pulsed laser technology,
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laser deposition has demonstrated films of comparable or superior quality, and so it remains a
key method in the investigation of such oxides. However, the drawbacks of PLD such as
difficulty in achieving large area uniformity and increased complexity in maintaining
stoichiometry make it less inviting for commercial interests and, in fact, some research-
motivated endeavors (such as large-area device structures).

With these technologies employed the quality of oxide films has advanced tremendously.
Though these compounds were all studied in bulk form several decades ago the possibility of
highly pure, highly crystalline and stoichiometrically controllable oxide thin films has opened
new avenues of research. Interest in the compounds has grown steadily as progress has
continued for all three of these compounds for almost 2 decades. Figure 1 shows the number of
publications by year for “ZnO thin films”, “MgO thin films” and “NiO thin films”, as indexed by

ISIL.
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Figure 1. Number of publications by year for each of the oxide binaries ZnO, MgO and NiO.
Source is ISI indexing.



However, upon surveying the literature relating to these oxides it becomes evident that
the growing interest in them is not merely a result of the novelty of improved quality. Each of
these materials possesses properties that researchers are seeking to exploit for specific, and in
some cases far reaching, technologies.

NiO, for example, is antiferromagnetic and is exploited in spin valve devices [35-37]. It
also exhibits a unique phenomenon termed “negative” resistance or resistive switching [38-44],
which can be exploited for rewritable random access memory (Re-RAM). It has become the
subject of extensive theoretical and experimental studies in the field of electronic structure
modeling because of its persistently ill-accounted for electronic properties [45-54]. NiO, which
has been considered the prototypical Mott-Hubbard (or simply Mott) insulator [55], has since
been re-designated as having properties at the boundary between Mott-Hubbard and charge-
transfer type insulator [56, 47], though controversially so [46]. It is reasonable to state that NiO
has the most exotic and perhaps least understood properties of the three binaries. The value of
the optical band gap itself is the subject of some debate, normally reported to be 3.6 — 4 eV, and
possibly dependent upon growth conditions. Importantly, NiO is also intrinsically p-type due to
a favored excess of oxygen in the stoichiometry, and has been used as the p-type region in
heterojunction devices and as a p-type transparent conducting oxide (TCO) [57, 58, 29, 59-63,
33].

Zn0 (E, = 3.37 eV) is far better established as an optoelectronic material and has been
the most acclaimed of the three compounds to that end, a fact punctuated by Figure 1. It is well
known in the semiconductor community for its large exciton binding energy of 60 meV [64-66],

which has enabled lasing at temperatures as high as 570 K [67]. ZnO is also a very useful TCO



oxide and can achieve superior conductivities on the same order as the ubiquitous indium tin
oxide (ITO) [68]. ZnO has been used in various optoelectronic devices [69, 66, 70]. Notably,
ZnO was of greater interest historically for its piezoelectric properties [71-73]. In contrast to
NiO, ZnO is intrinsically n-type as a result of inherently oxygen-deficient stoichiometry [74, 69,
66]. ZnO itself has a wurtzite (B4) crystal structure and therefore is not compatible with the
other two pertinent binaries. However, the ternary compound Zn,Mg); 4O is cubic rocksalt
structure (B1) for concentrations of Zn less than approximately 0.4 [75, 27, 76, 77, 32, 78].

MgO has an exceptionally wide band gap of ~7.8 eV and is a well studied material. It
can been grown in large diameters (>7.5 cm) and is a refractory material (7),.;; = 2800 °C) with a
good thermal conductivity [79, 80]. For these reasons it has been used extensively as a substrate
material [13, 4, 8, 81, 82]. MgO has excellent optical quality and is robust against plasma,
exhibiting an “anti-sputtering” property in such ionic environments. For this reason it has been
used almost exclusively as the protecting material for discharge electrodes in plasma display
panels [83-86]. These same properties make it desirable as a substrate for plasma assisted
growth methods. More central to this work, however, is the capacity of Mg to increase the band
gap of NiO and ZnO when alloyed with them.

Because NiO and MgO both have cubic structure and the cations have similar ionic radii,
these oxides readily form homogeneous ternary compounds with each other and allow for a
continuous range of concentrations, NixMg; <O, for x € (0, 1). Over this range the lattice
constant varies by less than 2% (4.215 to 4.178 A), and is approximately linear with respect to
concentration [87]. The band gap of the compound has also been shown to be an approximately

direct function of Mg concentration (1-x) [48, 88, 89], shifting from the MgO value of 7.8 eV to



the NiO value, ~4 eV. However, while binary NiO has been grown in thin film form for decades
[90, 91, 14, 92], to the author’s knowledge the epitaxial growth of the ternary compound remains
virtually unexplored. The existing experimental studies of the semiconductor properties of
NixMg; O have been mainly on powder forms of the compound [93, 94, 48, 87] or of solids
formed by calcinations of powders [95, 88]. In the exhaustive search for relevant studies, only
one publication has been found which examines the use of this compound for optoelectronic
applications [89]. This study employed the sol-gel method and the films were not lattice-
matched to the substrates used. Further, it only characterized four concentration values (x).
NixMg; O thin films for optoelectronic applications therefore represent a potentially very
fruitful topic of study, particularly given the shrouded nature of the electronic properties of NiO.
It is for this reason that the research goals presented herein are predominantly oriented towards
this ternary film.

ZnyMg; O films, on the other hand, hold a very different status as semiconductor
materials. This compound has been of growing interest for optoelectronic applications for
several years and is being studied extensively as such [75, 27, 76, 30, 96, 97, 77, 22, 98, 32, 99,
68, 100, 62, 34]. It has been demonstrated that integration of Mg into ZnO increases the band
gap energy as an approximately linear function of Mg concentration. Such integration maintains
the wurtzite structure for Zn concentrations (y) as low as y = 0.47 [97, 32, 78], though phase
segregation has been observed in some cases at higher Zn concentrations (y = 0.64) [75]. As
mentioned, at higher Mg concentrations (y < 0.4) the crystal becomes rocksalt (B1) crystal
structure. This compound has been grown in both forms with excellent optical and electronic

properties and has been exploited in devices [101, 89, 99, 102, 62]. Thus, this ternary film does



not present the same opportunities for research as does NiyMg; O. However, the attribute of
importance here is that Zn,Mg; O has shown to maintain its n-type nature with Mg integration
[68, 103, 34]. It therefore may be possible to exploit cubic ZnMg; 4O films to produce a lattice-
matched, high quality heterojunction with Ni,Mg;.«O. While this is not an immediate objective
of this research, the research plan presented may enable such structures to be produced in future
endeavors.

The value and novelty of the investigation of these oxide films is therefore evident. The
research here is presented as an organized attempt to qualify the discussed compounds for
optoelectronic applications. The first major section of the document will describe the
experimental methods employed by the author. This section is subdivided into discussion on the
method of growth, film characterization, device fabrication and device characterization. The
second major segment presents all significant results in four categories of film growth,
characterization and exploitation. And finally the document will be summarized in a brief

conclusion.



2. EXPERIMENTAL METHODS

Plasma Assisted Molecular Beam Epitaxy

While various thin film growth techniques have been applied to oxide growth, molecular
beam epitaxy (MBE) offers unsurpassed in-situ diagnostic capability and can produce excellent
quality epitaxial films. Molecular beam epitaxy was developed at Bell Labs in the 1960’s and
has since been exploited for thin film growth of nearly every significant semiconductor material.
MBE systems typically operate at pressures ranging between 10® and 10 Torr and can sustain
background pressures on the order of 10" Torr when inactive. The low pressure growth

environment and slow deposition rates enable excellent epitaxial growth to be achieved.

System

The system utilized for this research is an SVT Associates oxygen plasma-equipped
growth chamber integrated into a Riber MBE sample transfer system. A diagrammatic
representation of the full system in shown in Figure 2 along with a picture of the system itself.
The growth chamber is vertically oriented and is equipped with oxidation resistant parts and
materials. Figure 3 shows a diagram of the oxide growth chamber with basic elements

highlighted and a photograph of it.
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Figure 2. (Top) Diagram of the MBE system used for oxide thin film growth shown with
(bottom) a photograph of the system.
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Figure 3. (Top) Diagram of the oxide molecular beam epitaxy chamber shown with (bottom) a
photograph of the chamber.
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Figure 4. (a) The Oxygen plasma injector during operation and (b) a 1 cm” MgO substrate on a
Molybdenum substrate holder.

Growth is carried out on substrates fastened to molybdenum sample holders which are
held at elevated temperatures in the chamber center on a sample manipulator. The manipulator
controls the X, y, z and 0 positioning of the substrate to facilitate the various forms of in-situ
measurement. The oxygen source used in this research is an SVT Associates RF 4.50
inductively coupled radio frequency oxygen plasma injector. This injector applies a radio
frequency (13.56 MHz) driving current to an alumina chamber with a thru-flux of oxygen in
order to generate monatomic-rich oxygen plasma. Figure 4 shows both the oxygen plasma
injector and the substrate holder during growth. The oxygen used is 4.5N purity electronics
grade O,. Flux of oxygen is controllable over the range 0 — 5 sccm. Elemental sources (Zn, Mg,
Ni) are thermally evaporated from crucibles held in Knudsen Cells (K-Cells) affixed to ports on

the bottom flange of the growth chamber.
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Film Characterization Methods

An inherently critical and central aspect of thin film growth is the characterization of the
films themselves. The various means of film assessment and characterization are very specific
and, in general, relatively sophisticated techniques. Particularly for films considered to be novel
in their realization, it is important to ascertain that the films are in fact crystalline and have (or do
not have) the desired properties.

The characterization of all the films, both ternary and binary, is essentially the same. It is
reasonable to divide the film characterization into 3 categories: structural/compositional, optical
and electrical. The means of characterization in each of these categories will be presented here
and are broken into two general categories, in situ and ex situ. A distinct advantage of MBE is
the capability to perform multiple in situ measurements. The advantage of in situ measurements
is that they can be extremely formatively useful. This is to say that input from these
measurements can be used to alter or steer growth parameters during film growth. Ex situ
methods present no particular advantage, per se, but include critically imperative measurement

techniques such as X-ray diffraction and atomic force microscopy.

In Situ

Two important measurement apparatuses used in this research are the reflected high
energy electron diffraction (RHEED) system and the laser interferometry system. The former
measurement technique is perhaps the best known and the most ubiquitously used in epitaxial

growth. RHEED provides essential information about the crystal surface prior to and during
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growth. The immediate value of RHEED to this research is mainly in the qualitative information
it provides about surface smoothness. RHEED can also be used in several highly quantitative
ways, including growth rate measurement through intensity oscillations. Such measurement,
however, necessitates at atomically smooth crystal surface and monolayer growth such as those
achieved in GaAs epitaxial growth, among others. In the case of this research, the novel films
are not expected to be of the same morphological quality as the more mature semiconductors like
GaAs. The alternative method used to monitor film growth rate is laser interferometry.

In laser interferometry, a laser/detector system is setup to monitor the time-dependant
reflectance of the crystal surface. Multiple reflections occurring at the interface between the
substrate and the thin film result in a reflectance which varies as the layer increases in thickness.
As the film grows, the reflectance is modulated in an approximately sinusoidal manner (for a
single homogenous thin film). By analyzing the rate of oscillations, the growth rate can be
extracted. Approximate error in thickness measurement by this means is less than 10 nm.
Additionally, by assessing the amplitude of the oscillations the surface quality of the thin film
can be monitored. This monitoring is effective even with surface roughness much greater than
that which can be interrogated by RHEED. Figure 40 (provided earlier) shows a laser
interferometry curve measured for a ZnO thin film grown on Sapphire. The change in growth

rate illustrated is due to changes in the temperature of the Zn Knudsen cell.
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Ex Situ

Rutherford Backscattering

One of the more frequently exploited analyses that will be carried out on the films is
compositional characterization by Rutherford Backscattering (RBS). In RBS, high energy ions
(in this case He*of approximately 2.0 MeV) are accelerated into the sample surface. By
measuring the deflection angle of the reflected ions, not only can the surface composition of
films be interrogated, but also the depth-dependant composition profile of a multilayer structure
can be determined by fitting an energy spectrum of backscattered ions. Such a spectrum was
shown in Figure 56. The RBS measurements will be carried out at the Advanced Materials
Processing and Analysis Center (AMPAC). The spectra obtained will be fitted by the student

using a well-known freeware program called RUMP.

Spectrophotometry

The use of spectrophotometry to characterize films is a very convenient and informative
way to assess film optical quality. As presented in the section of this document on CdZnO thin
film characterization, the author has done relatively extensive work with this method and the
methodology is described thoroughly in that section.

It should be pointed out here that there are several approaches to spectrophotometry
utilized in the research. The differentiating factor between them is largely an issue of time
versus accuracy. Because the primary substrate in use will be MgO (and all of the films grown

will have a lower band gap than the substrate), the author has the luxury of using transmission
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measurements which is experimentally simpler in some ways. However, reflection
measurements may also be made.

In the case of transmission spectrophotometry, it is often not important to know the
absolute transmittance of a film. Instead, when a film is initially being characterized, it is only
important to know relative transmittance. Even in the relative measurement, the spectral
absorption edge (interband absorption being the mechanism in this case) can be assessed. This is
an important note because substrates are, for economical reasons, usually only polished on one
side. The unpolished side has a roughness on the order of micrometers and is therefore highly
scattering of the light. Typical reduction in transparent regions is approximately a factor of 4,
but is wavelength dependent.

In order to make a more accurate assessment (though not more precise, in general), the
substrate must be optically smooth on both sides. This can be achieved either by polishing the
rough side of a MgO substrate, post-growth, or by simply growing on double-side polished
substrates. The latter option may be chosen at some point if film quality and repeatability merit
such an accurate investigation. The former option is less ideal but is likely to be exploited over

the latter in the case of more routine characterizations.

Atomic Force Microscopy

Atomic force microscopy (AFM) will be the most heavily relied upon means of initial
interrogation of thin film morphology. Tapping mode AFM will be used to characterize most if
not all of the films’ surface structure. Initially in any growth series, AFM will serve as the
qualifying technique which assesses the film quality in a general “first-look™” sense. As

discussed, once the films of a series achieve a certain minimum roughness, it is more likely that
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they will be highly ordered single crystals. The AFM used is the Veeco Dimension atomic force

microscope.

X-Ray Diffraction

In crystal structure and quality determination, no technique is more fundamental nor
more informative than X-ray diffraction (XRD). XRD is a fundamentally simple experimental
procedure in which X-ray radiation is diffracted from a sample and detected at some diffraction
angle. Standardized methods of XRD are widely varied and well established and allow for
unparalleled assessment of crystal structure and quality. Of critical importance here is the ability
to assess crystal structure or phase as well as the films lattice parameter. The XRD system used
for this research is a Rigaku II x-ray diffraction system which exploits the typical Cu-K,
radiation line, A = 1.54056 A. Specific discussions about relevant lattice parameters are

presented in those sections.
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Device Design & Fabrication Techniques

The device fabrication techniques employed to produce the devices studied are largely
standard photolithographic, metallization, etching and packaging processes. Also, device design
constituted a small but notable component of the research conducted. Here a basic overview of
these procedures — with mention of the specific software, equipment and chemicals used — is
presented. More detailed discussions about some specific device processes are included in those
appropriate sections.

The facilities used include two class 1000 cleanrooms (College of Optics and Photonics,
University of Central Florida), both of which have class 100 subsections within them.

Additional labs include the two device packaging and characterization labs also in the College of
Optics and Photonics. The two former labs were used for photolithography processes, metals
deposition, acid etching procedures and annealing. The latter two labs contained equipment used
for sample scribing, device baking (with epoxy, for example) and wire bonding.

In general, device design and fabrication may consist of multiple phases. First, designing
the appropriate photomask(s) using software such as L-Edit was frequently necessary since no
existing masks were initially available to the author. This was followed by either fabrication of
the photomasks in-house, using the Leica electron beam lithography tool, or out-sourcing them
through a manufacturer such as PhotoSciences. These were only prerequisites to the fabrication
of the devices themselves. Figure 5 exemplifies one type of device designed (MSM, in this case)

using L-Edit.
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Figure 5. Screen shot of the software used for photomask design, L-Edit.

Device fabrication includes typical procedures such carrying out necessary
photolithographic steps (photoresist application, baking, exposure, development etc.), metals
deposition, material etching, metals lift-off and device annealing. The vast majority of
photolithographic processes used — though widely varied in some respects — relied upon the
positive photoresists, S1813 and S1805 (Shipley). In brief, the positive photoresist would be
spun onto the samples at speed ranging from 5000 to 8000 RPM. This would result in
photoresist thickness ranging from approximately 1 um to 1.75 um, depending on sample size,
surface smoothness and other factors to a lesser degree. The samples would then be soft-baked
at 115 °C for 1 minute to evaporate solvents from the resist and promote polymer cross-linking.
The sample would be exposed to ultraviolet light using the appropriate masks and exposure times
(typically 8 — 15 seconds on the Karl-Seus MJ-B3 mask aligner, though other UV sources have
been used), and then developed in a 1:5 solution of 351 developer-to-water ratio for 60 seconds.

Many subtle variations in the process were made over time and parameters are frequently
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revisited for different films and substrates. Once the photolithography was complete, the
proceeding step could then be taken such as metallization or acid etching.

Many devices presented here are of metal-semiconductor-metal (MSM) architecture.
These represent the simplest kind of optoelectronic detectors in that they function as
photoconductors. Essentially, two metal electrodes are with a small spacing between them. This
is commonly accomplished by an array of interdigitated “fingers”. Light incident on the devices
can, in principle, promote electrons into the conduction band and effectively reduce the
resistance of the device. By applying voltage and measuring the device current under different
optical excitations the photoresponse can be characterized. The mask design and implementation
for these devices is very simple and requires typically only one mask and one metallization step.
Figure 6 shows two MSM devices of different design: one optimized for speed and the other for

sensitivity.

Figure 6. Two MSM devices of different geometry. That on the left is a small-area detector
optimized for response speed while that on the right large area and is designed for sensitivity.
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Other types of devices required more sophisticated processes. The most elaborate
devices in this document are those presented in the Hybrid and Fully-Oxide Devices section. In
brief, these structures are vertically layered p-i-n structures. Thus, to make contact to both the p-
and n- regions (and because of the insulating substrates) an etching step had to be included. For
these devices there were a minimum of 3 photolithography steps and therefore three mask
designs as well. Typically, the etching of needed mesas was carried out first, followed by the

photolithography and metallization for the p- and n- contacts.

n-Contact p-Contact
p-Contact n-Contact

! |

Figure 7. Structural diagram of the hybrid GaN-ZnO LEDs (left) and fully-ZnO LEDs (right).

For some of these more elaborate devices, additional post-fabrication steps are followed
in order to facilitate. In specific, it was often useful to wire bond the devices in order to interface
with them electrically. Such wire bonding was used in the cases of the hybrid and fully ZnO
LEDs and this can be seen in Figure 70 and Figure 74. This was accomplished by scribing the
devices into single LEDs, bonding them onto device headers (typically TO-46 headers) and then
connecting the device contacts to the header leads using a Kulicke & Soffa 4524 AD manual wire
ball bonder. In all cases where wire-bonding was employed, a 1 mil (25 pum) gold wire was used.

The wire bonder used is shown in Figure 8.
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Figure 8. A Kulicke and Soffa 4525AD manual wire bonder.
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Device Characterization Techniques

Electrical and optical characterization of devices represents the last step carried out in the
cycle comprised of film growth, film characterization, device fabrication and device testing.
However this portion of the research comprises, at the time of this document, a small fraction of
the overall effort for any of the devices presented herein. Yet the illustration of device
functionality was absolutely imperative in all of these cases. For this purpose, several important
pieces of electronic and optical equipment were required.

For electrical characterization of devices, a key measurement apparatus used frequently is
the Signatone 1160 probe station. The probe station facilitates electrical connection with the
device through either two or four needle-like probes. The probes themselves are connected to a
source meter such as the Keithley 2400 which can measure device current-voltage characteristics
directly. Such probe stations are very important and standard equipment in electronic component
characterization. The probe station used here is shown in Figure 9 alongside a Keithley 2400

source meter. Figure 10 shows an MSM device under test on the Signatone probe station.
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Figure 9. The Signatone 1160 probe station (left) used for electronic characterization of devices
shown with a Keithley 2400 source-meter (right).
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Figure 10. Image of a ZnMgO MSM device under electrical testing for IV characteristics.

23



More central than simply the electrical characterization of devices is the spectral
characterization of them. There are two general types spectral characterization presented in this
work. Either the devices are emitters and therefore their emission spectrum is of primary
interest, or the devices being studied are detectors and their spectral detection characteristics are
sought. In both cases, the equipment used is essentially the same and relies upon the
spectrometer available to the author, a Newport/Oriel MS257 Y4 meter
spectrometer/monochromater. This spectrometer is outfitted with gratings of 150, 300, 600 and
1200 grooves per mm. All gratings are aluminum and the two highest resolution gratings have a
blaze wavelength of 400 nm. These gratings therefore have sufficient response in the ultraviolet
to be useful in such measurements.

In the case of emission spectrum measurements, a detector is placed at the
monochromater output with the device positioned at the input. More correctly, the device must
be imaged onto the input slits using appropriate optics (such as UV specific ones, when
necessary) and its spectrally divided, slit-apertured image appears on the output slits to be
measured. In the case of spectral detection, the device in located at the output (after appropriate
optics) and the lamp used for illumination is imaged upon the input slits. The detector in this
case is under bias by a source-meter such as a Keithley 2400 and the current through the device
is measured when illuminated by the specified wavelength, as available by the lamp used. A

diagrammatic representation of the setup is shown in Figure 11.
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Figure 11. Diagram of experimental setup for characterization of device spectral response.

Various degrees of sophistication and effectiveness were realized for the spectral
detection setup. The actual experimental setup which finally observed a detector response (in the
case of MSM devices presented herein), was the result of many refinements of the setup itself as
well as the author’s ability to effectively use the equipment. Two variations in the detection
setup are shown in Figure 12. The first (top) setup uses a mirror to redirect the light emitted
from the spectrometer down onto the sample which rests on the optical table, oriented up. Probe
positioners mounted on the table make electrical contact to the specific device under test and are

connected to the Keithley source meter. In the later refinements of the setup (Figure 12, bottom)
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a custom made device stage holds the sample at beam height and oriented facing the
illumination, eliminating the need for the lossy mirror. Both setups include a microscope
objective which was necessary for the user to see the devices during probe positioning, which is
a challenging task. Figure 13 shows a device being tested and illuminated by blue, green and red

light emitted from the Xenon lamp used in that case.

Figure 12. (top) An early setup for detector spectral response including an aluminum mirror just
prior to the device which is mounted on the table top facing up. (bottom) A more recent detector
spectral response in which the device is mounted laterally on a custom stage equipped with probe
positioners.
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Figure 13. Images of a NiMgO MSM device under spectral testing, illuminated here by radiation
with wavelengths 420 nm, 535 nm and 635 nm from left to right.
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3. RESULTS

This section of the document presents the condensation of all progress made towards the
growth, characterization and application of the relevant oxide thin films. Because the focus of
research shifted between the distinct yet related oxide films, the results are presented in segments
which roughly reflect the chronological order in which research was conducted. This order
cannot be strictly abided by in all cases, however, since some topics were studied concurrently,
or were left and then returned to later in the endeavor. It serves particularly well to present the
research in this order with regards to the progression from binary oxides (MgO, ZnO or NiO) to
the ternary. The binary films were necessarily grown first and are inherently easier to grow. The
discussion proceeds from the binaries - focusing on MgO and NiO first — to the ternary
compound NiMgO, which constitutes some of the most novel and complete work presented
herein. The growth of binary ZnO is briefly presented and then ZnMgO growth and
characterization.

After the discussion about the two ternary compounds of primary interest, an additional
section is included which focuses on various aspects of characterization and exploitation of the
wurtzite ternary thin film CdZnO. The films and structures used for this portion of the research
were grown not by the author, but by a collaborating institute SVT Associates, the company
which designed the MBE system in use by the author. This research was conducted prior to the
research on growth and characterization of NiMgO or ZnMgO, but is included after these to
indicate that it is less central to the thesis. However, the work was very successful and
productive, yielding several new results such as the first observation of light emission from a

CdZn0O/ZnO/GaN hybrid structure light emitting diode. Thus, while this topic is peripheral to
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the primary points of interest, it constitutes a very relevant and significant fraction of the overall
research effort.

It should be noted that, while the functioning MSM detectors are of defining importance
to the topic, their fabrication and testing makes up only a very small fraction of the work
conducted. The majority of effort has been unambiguously focused upon the film growth and
characterization. The presentation of MSM devices, therefore, serves as a capstone of the body
of work presented, not a foundation. As such, the demonstration of the functionality of these
devices as solar blind detectors punctuates the success of the predominantly materials growth-

oriented program.
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MgO

An important precursor to the growth of high quality ternary cubic films was the
realization and refinement of MgO films. In particular, it was important to achieve
homoepitaxial MgO films of excellent quality which could then act as a nucleation layer for the
ternary films, thereby promoting better ultimate quality of the films. More importantly, it was
initially conjectured that MgO would serve as the “base” compound into which Ni and Zn would
later be integrated. It was thought that MgO films growth parameters would be first optimized
and the transition metals would be added. This presumption will be discussed in further detail
with regards to the problem of the transition metal (Ni, Zn) integration. This section presents
various aspects of the MgO film growth and characterization for both hetero- and homoepitaxial

cases.

MgO Heteroepitaxy
The first cubic oxide film growth carried out was MgO on (111)-oriented Si. The

objective was not only to verify that MgO can be nucleated and grown on Silicon, but also to
economically characterize the general growth parameters for this material. The Silicon
orientation was selected only on convenience of already available high quality substrates with

the appropriate dimensions.
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Figure 14. A RHEED image of a Si(100) surface after cleaning and degassing.

Prior to growth, Si substrates were cleaned by the (full) RCA method and initially
examined with AFM and RHEED for morphology. AFM revealed surface roughness < 2.5 A
and RHEED was streaky, indicating good crystalline quality (Figure 14). Growth was carried
out at substrate temperatures in the range 200 °C to 500 °C.

Figure 15 shows the laser interferometry data along with RHEED images taken during an
extended growth of MgO on Si with the substrate temperature of 200 °C. The growth shown
took place over approximately 18 hours and constitutes a growth rate characterization over a
broad range of Magnesium cell temperatures. Several characteristics are notable. The
oscillation amplitudes remain approximately constant up to a cell temperature of 575 °C. This
implies that the growth leading up to this point (the first 700 minutes) did not have a severe
degenerative effect on the surface quality. Also, the RHEED images indicate that while
polycrystalline order dominated the growth initially (circular RHEED pattern), with increasing
Mg cell temperature the surface quality improves somewhat with cell temperature of 555 °C.
This improvement is not only evident in the elongated, streaky RHEED spots, but also in the
slight increase of reflectance at that point during the growth. Above 575 °C the quality

degenerates and the surface roughens, also as indicated by both RHEED and interferometry.
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Figure 15. Laser Interferometry curve for MgO on Si(111) with a substrate temperature of
200 °C. The change in oscillation frequency is due to increasing Mg K-Cell temperature
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Figure 16. Growth rates for MgO on Si with two substrate temperatures, 200 °C and 500 °C
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The interferometry data shown above was analyzed to produce the upper growth rate
curve shown in Figure 16. Note that the rate is strictly increasing for the 200 °C substrate
temperature and follows an exponential-like trend. Similar analysis was carried out for a
substrate at 500 °C to produce the lower curve. Note that the growth rates for the higher
temperature substrate are substantially lower than those for the 200 °C substrate. Additionally, a
different behavior is exhibited by the higher temperature sample in that the growth rate saturates
at a Mg cell temperature of 600 °C. The reduction of growth rate may be attributed to decreased
sticking coefficient due to the higher temperature surface. The fact that there is a plateau in the
growth rate of the 500 °C sample implies that MgO growth is limited to (approximately)
stoichiometric crystal formation. In the case of the 200 °C substrate, it is likely that additional
magnesium also adheres to the surface and does not re-sublimated as it would be for higher
growth temperatures. This additional magnesium effectively degrades surface quality and
worsens semiconductor properties.

Heteroepitaxial films were characterized with spectrophotometry and AFM. Figure 17
shows the spectral reflectance of a MgO film grown on Si. The large oscillation amplitude
above 270 nm indicates film transparency through the visible (and near-UV), as is expected. The
increasing absorption between 260 nm and 200 nm (4.77 eV — 6.2 eV) is due to interband
transition and is indicative of the band gap energy. Reasonable surface morphology was also
achieved even for films as thick as 2 um. AFM of a heteroepitaxy film is also shown in Figure
17. Note that the structure is clearly cubic and maintains the (111) orientation inherited from the
substrate. RMS roughness less than 20 nm was achieved in some films. Further optimization of

films was not pursued as it was less critical than other objectives in the research
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Figure 17. (a) Spectral Reflectance and (b) Atomic Force Microscopy of MgO thin film grown
on Si. The film orientation is evidenced by the triangular-based structures and is inherited from
the (111) oriented Silicon substrate. The vertical z-axis scale for (b) is £500 nm.

MgO Homoepitaxy

A very important preliminary aspect of the main research conducted was the realization
and optimization of homoepitaxial growth of MgO. Early samples, grown prior to process
refinement, had surface roughness on the order of 100 nm or more and were either strictly
amorphous or very rough. The proper selection of substrates temperature, Mg K-Cell
temperature, oxygen flux and substrate treatment were all critical factors in this optimization.
The final resultant films exhibited RMS roughness less than 1 nm and were consistent in quality.

One early assumption made that was later found to be incorrect is that optimal growth
quality is achieved at the stoichiometric-limited point. Efforts were therefore made to operate at

this pressure/cell temperature as determined by analysis like that shown in Figure 16. For the 9
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mm aperture, the stoichiometric-limited point corresponded to a Mg cell temperature of
approximately 600 °C; for open-crucible evaporation point was shifted to 490 °C. Growth at this
magnesium cell temperature did not result in smooth morphology however. Figure 18 shows the
AFM of one such film. Interestingly, it was quite common that films grown at this condition
would take on a triangular symmetry (as shown) which implies (111) crystal orientation.
Roughness of such films could not be reduced below about 12 nm, RMS. Thus the condition of

stoichiometric-limited growth was abandoned for growth in oxygen rich conditions.

10 um—=

Figure 18. AFM of a MgO homoepitaxial film grown at the stoichiometric point in the Mg
pressure curve. Note the (111)-like orientation resulting from fast growth rates despite the (100)
substrate orientation.
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By decreasing the Mg cell temperature (and therefore growing at a higher chamber
pressure), better quality this films were grown. The best growths achieved were grown at a
pressure of 8 — 14 puTorr with the Mg K-Cell temperature at 440 °C and a substrate temperature
of 500-600 °C. Figure 19 shows the improvements in morphology, including evidence of the

proper (100) orientation as inherited from the substrate.

25 nm
25
-25
-25 nm
Figure 19. AFM (2D and 3D) of a MgO film grown in oxygen-rich conditions. The slower

growth promotes the proper (100) orientation as exhibited by square-based pyramidal
formations.

Optimal quality films, as mentioned previously, can only be obtained with proper sample
pre-treatment, including degassing. Figure 20 shows AFM of a superior quality film with RMS
roughness less than 7 A. This film was grown under very similar conditions as that in Figure 19,
but with the difference being that the substrate used in Figure 20 was degassed for 12 hours as

compared to only 6 hours for the prior image.
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Figure 20. RHEED images of MgO film growth (a) prior to growth, (b) after 30 minutes of
growth and (c) after one hour. Also, (d) AFM showing the high quality of the MgO film surface
verifying the RHEED indications. Roughness of the film is less than 7 A.

Growth Dynamics
Mg Pressure Effects

An important and interesting analysis was carried out to understand the effect of Mg K-
Cell temperature on chamber pressure. The vapor pressure of magnesium is well characterized
over the pertinent temperature range (as an exponential function of 1/T) and so starting
parameter ranges could be defined. The noteworthy aspect of this study is the dynamic observed
when Mg is evaporated into the oxygen rich environment.

For oxide growth, literature holds that high quality films are typically grown in an
oxygen-rich, and relatively high pressure (~10 pTorr) environment. A typical flow rate used in
this series of growths was 2.5 sccm. This oxygen flow rate sets the chamber pressure maximum
at a value of approximately 15 £+ 2 pTorr, depending slightly on RF power. With increasing
Magnesium cell temperature, and therefore increasing Mg flux, the chamber pressure actually
decreases rather than increases, due to a process termed “gettering”. This reduction in pressure

is attributed to the formation of MgO which has a much lower vapor pressure than elemental
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Magnesium. As Mg flux into the chamber increases, increasing quantities of MgO are formed
reducing the pressure to some minimum at which the Mg + O — MgO reaction is in dynamic
equilibrium. Figure 21 illustrates this effect. The benefit of the phenomenon is that magnesium
flux can be calibrated quite accurately from the chamber pressure without the need for additional

measurements such as residual gas analysis (RGA). This is not the case for Ni, however.

Effect of Mg Aperture

In oxide growth, great care must be taken to reduce the oxidation of the metal source charge.
Oxidation of metals such as Magnesium and Nickel can occur within the source crucible on the
bulk metal itself and cause a reduction or unpredictability in the flux generated. One means of
reducing this effect is to insert an aperture in the source crucible which purportedly reduces the
in-flux of oxygen and helps preserve the source charge. This aperture also restricts the flux of
the metal itself, however, and can be subject to a unique set of problems in which accumulation
of source metal (and oxide) around the aperture causes erratic flux behavior. After working with
various aperture sizes, the Mg aperture was finally abandoned and successful growth was

achieved without the use of an aperture.
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Figure 21. Growth chamber pressure at a function of Mg cell temperature. The two curves
shown are for two different sized apertures, 3mm and 9 mm.

It should be noted that because the aperture restricts source flux, it greatly impacts the

chamber pressure curve, as shown in Figure 21. The widening of the aperture from 3 mm to 9

mm essentially shifted the curve by approximately 20 °C, thereby reducing the cell temperature

needed to maintain a specific flux. The pressure curve for open-crucible Mg evaporation is not

shown but would simply constitute an additional shift to lower temperatures.

39



Ning1-x0

Once MgO homoepitaxy had been optimized to a reasonable extent, the growth of
NixMg; O films was then attempted. The ternary compound was the primary focus largely
because of the tunable deep UV bandgaps that were presumed to be accessible by alloying NiO
and MgO. While there was certainly evidence in literature to support the claim that the ternary
bandgap is in fact tunable [48, 89], highly controlled bandgap engineering had not been
demonstrated. This was perhaps related to — though separate from — the fact that no such films
of very high quality and sufficiently refined concentration variations had been yet been
epitaxially grown. Thus the question still remained whether such films could be grown at all
and, if so, to what degree can the bandgap of the material be controlled? The overarching effort
of the research presented in this section was therefore predominantly concerned with simply
realizing films of varying concentration while simultaneously achieving the best epitaxial quality
possible.

While this fundamental endeavor dictated the overall research direction, many
challenging technical sub-tasks had to be overcome. In particular, there was very little
information available to the author regarding the thermal evaporation of Nickel. Specific details
about achieving and maintaining sufficient Ni flux in the particular MBE used presented many
difficulties. At times, catastrophic equipment failure such as broken crucibles (the pyrolitic
graphite, boron nitride or alumina crucibles held in the Knudsen cell) prompted changes in
growth parameters that would not have otherwise been explored (such as lower Ni evaporation
temperatures). Similarly, simply working in a monatomic-rich Oxygen plasma environment at

high temperatures causes damage and degradation to the equipment and materials used and can
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also force such course-altering parameter changes to be made. Therefore, examining the growth
parameters of NiyMg; O for optimal epitaxial quality also demands determining which growth
parameters are tolerable to the system in use.

Within the aforementioned constrictions, the feasibility of certain aspects of the film
growth had to be ascertained in preliminary stages of research before NixMg; O could be
realized. It had to be proven, for example, that Nickel flux could be maintained at temperatures
that the Knudsen cell and the crucible could tolerate. It had to be proven also that Nickel flux, if
maintained, would in fact react with the Oxygen present at the film surface to nucleate a high
quality Ni-containing film at all. The most direct way of addressing both of these inquiries was
to attempt NiO film growth. Thus, while the initial general approach to NixMg; O growth was
to introduce increasing Ni flux into the previously determined MgO growth parameters, NiO

films needed to be attempted first.

NiO Film Growth and Characterization

Though growing pure binary NiO was a brief divergence from the approach of
introducing Ni into MgO growth conditions, carrying out the initial NiO investigation was
extremely important for several reasons, besides the simple confirmation of Ni flux. It was
presumed to be important to define a lower range for the band gap energies expected and binary
NiO constitutes this lower boundary. In addition, the successful growth of NiO would set an
expectation of film quality that would be helpful in assessing relative quality of Ni\Mg; 1O as
well. But because optimization of NiO was not an initial goal of these early growth series, only a

few growths of NiO films were carried out before attempting to then simply alloy Ni with MgO.
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Optimization of NiO was not attempted with systematic series of growths. This is now thought
to have been an erroneous approach, as will be discussed in more detail later. In brief, NiO
should have been optimized and Mg then introduced, rather than the opposite. In spite of this
misjudgment, these early metal-rich NiO films were realized nonetheless and yielded interesting

semiconductor properties.

Cation-Rich Growth

Early NiO and NiyMg; O films growths were essentially proof-of-concept endeavors.
Both adequate Ni fluxes and surface nucleation remained to be demonstrated in the MBE system.
Nickel itself presented challenges because of the high cell temperatures needed to achieve flux.
This is attributed to the low vapor pressure characteristic of Ni which was known only
qualitatively to the author. Although vapor pressure data for Ni does exist, actually calculating
the flux reaching the sample surface (from a remotely located cell, with a specific amount of
source material in a specific geometry, etc.) is prohibitively complex. Determining appropriate
starting temperature ranges for the material was therefore only tractable experimentally.

In order to ascertain a starting point for the parameter of the Ni cell temperature, the
experience gained from the growth of ZnO and MgO was applied to this new metal. Both of the
other cations used, Zn and Mg, showed significant gettering, as discussed. This reduction in
chamber pressure was assumed to be due to the formation of low vapor pressure compounds
(ZnO, MgO) which adhere to chamber surfaces more readily than the separate reactants. It was
assumed that introduction of Ni into the monatomic rich Oxygen environment would be

characterized by the same reduction in pressure. Using this metric, in the early NiO growth
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procedures the Ni cell temperature was increased to values above ~1400 °C in order to observe
reduction in system pressure. After being applied to binary NiO growth, similar Ni cell
temperature ranges were then used in NiyMg; O films growths. Though it was not evident at the
stage of initial binary growth, such Ni fluxes are relatively large and proved ultimately to be non-
ideal growth conditions for promoting good optical response. These growths were nonetheless
important predecessors to establishing the more successful oxygen-rich. The data on the films is
presented for completeness and to emphasize the critical importance of such growth parameters
and their impact on films quality.

NiO

NiO growth was carried out on both (100)-Si and (100)-MgO substrates. The

evaporation temperatures initially explored were in the range 1300 — 1600 °C. While growths
were executed with these parameters, the higher end of this range of cell temperatures proved to
be damaging to the crucible. The primary cause of this is the melting and re-solidification of the

Ni before and after growth, respectively.

Figure 22 shows AFM and spectral reflectometry for the highest quality NiO film (on Si
(100)) grown. The roughness of the film is 34.8 nm and is likely polycrystalline. However,
cubic artifacts of the (100) symmetry are seen in the AFM and it can be therefore concluded that
the film maintained crystalline nature during the growth (and did not degenerate into amorphous
phase). The spectral reflectometry curve reveals a reflectance magnitude that decreases from
approximately 355 nm to 310 eV (3.5 —4 eV). This is due to interband absorption and is in good

agreement with such data found in literature.
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Figure 22. (a) AFM of a NiO thin film grown on Si (100) highlighting the cubic shaped (100)
NiO crystal facets and (b) Spectral reflectance for NiO heteroepitaxial film

Similar data is presented in Figure 23 but for NiO on MgO. The AFM data shows
indications of a cubic structure, though less well defined than in the case of NiO on Si. The
roughness, however, is as low as 7.6 nm for the MgO-grown films. The transmission curve
reveals a strong absorption increasing over approximately the same range as in the case of NiO

on Si (about 3.65 to 4 eV).
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Figure 23. (a) AFM and (b) Spectral transmittance for a ~1 um thick NiO film on MgO

The NiO films thus exhibited good transparency over the visible spectrum and well-
defined interband absorption. Because NiO itself was secondary to the overall goal of the
research, time was not dedicated to producing highly-optimized films. However, because the
films possessed such distinct optical properties, and because the band gap energy of NiO lends

itself to solar-blind applications, a device investigation was conducted.

NiMgO
After NiO homoepitaxy had been demonstrated, the first attempts at Ni integration were

attempted. These growths exploited basically the same parameter space used for the
homoepitaxy (Mg cell temp, etc). In this way, Nickel cell temperatures ranging from 1250 —
1440 °C were explored for these growths. The maximum temperature was set, in part, as being
just below the melting point of Ni which helps in prevention of the aforementioned crucible

damage problem encountered. The investigation proceeded by gradually increasing Ni
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temperatures, ceteris paribus, and observing the changes in film transmittance. Figure 24 shows

typical results for these films.
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Figure 24. Typical transmittance curves for Ni;Mg;.<O thin films grown under cation-rich

conditions

Table 1. Growth parameters used for initial cation-rich NiMgO films growths.

0O, Flow RF Power Tni Tvg Pressure
Sample (sccm) (W) (°C) °C) (Torr)
1 2.65 350 1380 440 8.70E-06
2 2.5 350 1410 430 1.50E-05
3 2.5 350 1440 440 8.50E-06
4 1.6 350 1440 440 2.90E-06

At Ni cell temperatures below ~1350 °C (not shown), the transmission curves were not

measurably altered. The initial assumption is that the Ni flux at those temperature was negligible

compared to Mg flux and therefore integrated proportionately. This assumption may prove to be
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faulty, as will be discussed. With increasing Ni temperature (above 1350 °C), there is a
noticeable shift in the absorption edge (samples 1-4 in Figure 24). Note for this discussion that
because the films presented are thin (<200 nm) that the transmitted intensity does not go to zero
with the film absorption edge but is reduced by the film (thus the film is responsible for the drop
in transmission seen at wavelengths longer than ~245 nm), then further reduced by the much
thicker substrate. The shift in absorption edge is accompanied by significant broadening of the
absorption. The broadening of absorption edge is attributed to crystal imperfections and is not
desirable in device-quality films.

The probable cause of the absorption edge broadening is excess Nickel. This is
illustrated in Figure 24 by samples 3 and 4. These samples were grown under identical
conditions with the exception that oxygen flow was less for sample 4 (1.6 sccm as compared to
2.5 sccm). The resulting film (4) exhibits a less abrupt absorption edge which is only slightly
shifted to longer wavelengths. This single comparison illustrates the importance of oxygen flow
to crystal quality. Oxygen flow cannot trivially be increased beyond this value, however, as
system pressure will become prohibitively high and not allow for pressure stability.

An additional factor to consider in attempting to optimize growth is the Magnesium flux.
Because Mg and O have a greater difference in electronegativity than do Ni and O, it is expected
that oxygen atoms will preferentially bind to Mg rather than Ni. This is further complicated by
the fact that only one oxidation state of Mg exists (MgO) while there are at least 2 oxidation
states for NiO (NiO and Ni,Os). Nickel therefore has a lower likelihood of participating in Ni-
Mg-O bonding than does Mg. This will be reiterated in greater detail in the remainder of the

document.

47



Oxygen-Rich Growth

Several factors prompted the use of lower Nickel fluxes to achieve better film quality.
The most important among these was of course the apparent difficulty in shifting the bandgap of
MgO to lower energies with increased Ni flux and the broadening of the films’ absorption edges,
as discussed. Furthermore, it was known from literature as well as limited experience, that
oxygen rich growth is optimal for achieving food film morphology and general film quality in
the case of ZnO. This reason alone may seem sufficient to prompt oxygen-rich investigation.
However, it 1s well known that N1 has two oxidation states and can occur in the stable structure
Ni,0s. There is therefore a propensity for NiO to contain excess oxygen, which is effectively a
defect state in the material. Therefore, it is not a foregone conclusion that oxygen-rich
conditions are inherently better for NiIMgO growth.

In addition to these considerations, however, there were also significant experimental
limitations associated with metal-rich conditions that made growth in that mode very
challenging. In particular, the difficulties with evaporating Ni at temperatures greater than
approximately 1400 °C caused serious hindrances to progress. The thermal expansion of the
Nickel held in the crucible led to many breakages which in turn led to tremendous increases in
the maintenance time of the MBE system. The melting point of Ni is 1453 °C and although the
measured temperature of the Knudsen cell (as measured by an internal thermocouple) never
reached that value after early growths, Nickel did in fact melt under the previously described
conditions (Tn; < 1440 °C). When re-solidifying, this Ni would expand at a rate apparently

unequal to that of the crucible and cause catastrophic failure of the cell.
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There were therefore multiple motivations for attempting to grow with a decreased Ni
flux. However, as discussed, there was already insufficient shift in the NiMgO with increased Ni
cell temperature. Therefore, the solution to be examined next necessitated not only a decrease in
Ni flux, but also a decrease in Mg flux. Indeed, a different approach to Ni:Mg integration was
needed altogether. The NiMgO film growth effort proceeded, therefore, by optimizing NiO with

oxygen-rich conditions, rather than MgO.

NiO & NiMgO
The modified approach to the growth of NiO and NiMgO proved to be a superior method

to achieving excellent epitaxial films, and it is based on important fundamental principles which
have continued to be applicable in proceeding film growth endeavors since. In this re-visitation
of NiMgO epitaxial growth, the author exploited the notion of ionicity, as applied to the two
constituent binaries (NiO, MgO), to determine the parameter ranges to be examined.

The effective change in experimental approach due to the consideration of ionicity is
subtle, however, the concept itself is not trivial and it has implications upon not only the growth
conditions to be used, but also the structural and electronic properties of the material as well.
The ionicity of a crystal is a quantification of the ionic character of the bonds between
constituent atoms [104]. Classic definitions of ionicity (Linus and Pauling) are strictly functions
of the electronegativities of the atoms. Modern variations of the definition are more complicated
but still include these electronegativities as critical parameters. lonicity is inherently related to
reactivity as well and, in general, it can be expected that the constituent elements in compounds

with greater ionicity will react more quickly dissipate more energy than those of compounds with
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a lower value of ionicity. Therefore, by comparing the ionicities of the binaries, the favored
reactions can be understood and the growth conditions tailored to account for them.

Among the two binaries of interest here, the ionicity of MgO is the greater and is also the
greatest value among the three binaries MgO, NiO and ZnO. The details of how the values are
calculated are not pertinent here, but the values themselves are presented for illustration of the
need for a modified growth approach. The ionicity, f;, of MgO is 0.841 while that of NiO is
approximately 0.3. The implication in this is that Magnesium will react much more readily with
Oxygen than will Nickel, ceteris paribus. A possible cause of the difficulties with Nickel
integration that were observed is this propensity for Mg to preferentially consume monatomic
Oxygen. If the growth conditions which were optimal for MgO growth were such that most (or
approximately all) of the oxygen was consumed in reaction with Mg, then adding Ni flux would
only decrease surface mobility for the Mg and O, while adding Nickel in a potentially non-
stoichiometric proportion to oxygen. This decreased mobility is supported by the surface
morphology measurements. Of course it is possible in that scenario that some Ni may integrate
in intended substitutional ratio (ie the metal atoms make up 50% of the compound, by number
concentration or molarity). The important, albeit simple, deduction derived from this is simply
that there must be more than enough Oxygen atoms to accommodate the Mg, such that Ni has an
increased opportunity to react. Additionally, with equal fluxes of Mg and Ni in the growth
environment, the Mg will incorporate into the film at a greater rate than the Ni. Therefore, the
modified approach taken to reach optical oxygen rich conditions was optimize low-Ni flux NiO

growth first, rather than MgO, and slowly increase Mg flux.
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Figure 25. AFM scan of a NiO film grown in oxygen rich conditions with RMS roughness of 0.7
A.

In this way, growth proceeded and evolved in this manner as it soon proved very
successful for growth of the NiMgO films. The results are well represented by eight Ni,Mg;_..O
thin films (x = 0 to 1) which were grown after many iterations of parameter refinement. Films in
this series were grown with O, flow rates ranging from 1 to 3 sccm, and RF power ranging from
150 W to 350 W. Growth of the films was carried out on single crystal MgO (100)-oriented 1
cm® substrates (MTI Crystal) at a fixed growth temperature of 300 °C. Prior to growth,
substrates were cleaned in acetone, isopropanol and deionized water ultrasonic baths then dried
with N, flow. Degassing of substrates was performed at 600 °C for three hours at pressures
below ~107 Torr in a separate, connected preparation chamber prior to growth. The growth time
for all NixMg; <O epilayers was fixed at 180 minutes. Six of the resulting films are shown in

Figure 26.
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Figure 26. Five of the eight NiMgO films grown.

Morphology of all films was found to be of good quality with RMS roughness values as
low as 0.7 A (for NiO), which generally increased with increasing Mg concentration to a
maximum of approximately 120 A (for x = 0.075), as quantified by AFM. All films with x >
0.25 exhibited roughness of 2 A or less. RHEED patterns observed for all films were also
indicative of good long range surface order and confirm the cubic structure. RHEED images
([110] azimuth) and corresponding AFM scans (5 x 5 pm?) are presented in Figure 27 for two
representative films, x = 1 and x = 0.32, along with those of a MgO (100) substrate prior to
growth. The RHEED pattern and AFM scan for the pre-growth substrate are shown in Figure 27
(a). While RHEED streaks are visible, they are neither notably well defined nor narrow. AFM
showed substrate roughness to range from just below 2 to 10 A. In contrast, the RHEED pattern
shown in Figure 27 (b) for the NiO film (x=1) consists of very narrow, bright streaks implying

good long range surface order and a significant improvement over the initial substrate surface
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quality. Figure 27 (c) exemplifies a more typical film surface quality. Films with Ni

concentrations x < 0.32 also exhibited some cubic surface terracing as seen in Figure 27 (c).

(a) MgO Substrate

(b) x=1

(c) x=0.32

Figure 27. RHEED and AFM for two NiMgO films (b, ¢) shown with those of a virgin substrate
for comparison.

X-ray diffraction illustrates the single-crystal cubic phase of the Ni\Mg; 4O films. The
only peaks observed for the films are attributed to the (002), (004) and (006) planes, among
which the (002) was the strongest by approximately 2 orders of magnitude. Figure 28(a) shows
XRD scans of the films over the region 35° <260 <45°. The (111) diffraction peak is expected to

be the second most intense peak for randomly oriented polycrystalline NiO and would be found
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between 20=36.939° and 37.272° for these films. This peak is not observed in any of the spectra
thereby demonstrating the highly oriented character of the films. It should be noted that a
duplicate of the (002) peaks was observed in the spectra and is due to weak Cu-K, radiation
known to be emitted from the system. A closer examination of the (002), peaks shown in Figure
28 (b) reveals a broadening of the diffracted peak with increasing Nickel concentrations due to
the overlap of film diffraction with sub-surface substrate diffraction. The resolution of the x-ray
diffraction system does not permit differentiation of these peaks for most samples however the
x=1 sample shows the emergence of a distinct NiO (002) peak. The overlapping (002) peaks are
fitted to asymmetric double sigmoid functions to estimate the change in the films’ lattice
constant. Full-width half-maximum values of the films ranged from 26=0.23° to 0.33°. The

results of the peak-fitting are shown in Figure 28 (c).
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Figure 28. XRD results for the NiMgO thin films shown for the ranges 35° <260 <45° (a) and
42° <20 <44°

To determine the material bandgap as a function of Ni concentration, both compositional
and optical measurements were taken as described above. Figure 29(a) shows the RBS spectra
of four the films for clarity. The spectral features associated with Ni, Mg, and O are indicated in
the figure. Thicknesses and compositions were determined by spectra fitting with standard RBS
analysis software. Films thickness ranged from 70 nm to 330 nm and Ni concentrations of the

eight NixMg, 4O films (x) were determined to be 1, 0.56, 0.32, 0.25, 0.16, 0.12, 0.075 and 0.
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Figure 29. (a) RBS, (b) Absorption plotted as Tauc curves and (c) extracted bandgap versus
Nickel concentration for all eight NiMgO films.

Film spectrophotometry measurements were used to derive film absorption and are
plotted as (ahv)® versus hv in Figure 29 (b). The curves all exhibit a linear behavior above

absorption edge, demonstrating the direct nature of the interband transition. A linear function
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was fit to each (ahv)” curve in Figure 29(b) over the range 1.5x10" < (ahv)? < 5x10'° (eV/cm)?
and the optical bandgaps were determined by the energy-axis intercept. The values of the
bandgaps (excluding x=0) were found to be 3.56, 3.78, 4.03, 4.29, 4.44, 4.63 and 4.81 eV, in
order of decreasing Ni concentration. It is important to note that, while MgO appears to exhibit
band-edge absorption around 5.0 eV, this absorption is well characterized and is attributed to the
F and F* oxygen vacancies [105, 106], which occur closely spaced in energy. The accepted
bandgap of MgO is 7.8 eV and is therefore outside the range of measurements possible with the
spectrophotometer used. Though homoepitaxial MgO was grown (x=0), assessment of its
bandgap is tenuous for this reason. Figure 29(c) plots the determined bandgaps of the Ni\Mg; \O
films as a function of Ni concentration. Significant bowing is exhibited and there is an abrupt
difference of approximately 3.0 eV between the bandgap of Ni.07sMgo.9250 and the accepted
bandgap of MgO. Vegard’s law does not describe this relationship if MgO is included.
Excluding MgO, the bandgap values are well described by Eg = 4.99(7-x) + 3.56x - 1.96(/-x)x

eV, as shown.
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NiO & NiMgO Device Fabrication and Testing

With the encouraging degree of success experienced in the refinement of NiMgO film
quality, qualifying the films for use in optoelectronic devices became central in the research
effort. The films had already exhibited many essential characteristics that are sought in
semiconductor thin films, such as good structural quality, good morphology and desired optical
properties. However, initial assessment of the films in some functioning form was critical not
only for confirmation (or refutation) of the hypothesis, but also to motivate the interest of
external relevant parties.

The results presented in this section demonstrate the relevance and viability of this
material as an optoelectronic material. Several distinct conclusions that are derived from the
results of device testing should be emphasized. First, these devices unequivocally show deep-
UV photoresponse. Second, the devices fabricated from NiMgO films are, with fair certainty,
the first photoconductive devices made from lattice-matched growth of NiMgO by MBE. Thus
they represent a novel and useful technological contribution. Finally, refinements in the
photoconductive properties of this film, including the bandgap tunability demonstrated, have
been made by examination and appropriate alteration of the growth parameters.

Several generations of devices were fabricated and tested as understanding of the device
functionality grew. The first of these was simply a preliminary test of the early existing films,
which were NiO, for absolutely any evidence of device photoresponse. At that juncture in the
research it was not at all certain that these films eventually would show UV photoresponse,
though such photodetection has been observed in NiO. For this reason, the first generation of

devices from these films were fabricated using existing masks to preclude incursion of avoidable
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mask production costs, if the tests were to have been unsuccessful. The MSM devices first tested
were therefore not optimal, particularly in size. Also, at that time, readily available lasers
(wavelength 325 nm and 635 nm) were used as the illumination sources to test photoresponse.
These were also non-ideal for various reasons. Mainly, the 325 nm wavelength of the HeCd
laser (3.81 eV) is only slightly greater energy than the bandgap value of NiO (~3.6 V) and not
sufficiently high power (maximum 35 mW) to excite strong photoresponse. However, these
initial tests are important in that promising results were obtained and motivated the further
investment of time and resources into the investigation. Such investments included the improved
mask design and acquisition of high power, broadband UV and visible lamps.

The presentation of results focuses on a small number of the more significant successes
with these devices. Discussion is also presented which specifies the significant findings on
optimal growth condition for UV detection. While considerations such as type of metals used for
contacts and electrode spacing are briefly discussed, these factors were of less importance whilst
the predominant efforts were necessarily focused upon material growth. Also, NiO is
differentiated from NiMgO for clarity of discussion and to indicate the sequence of progress; a
comparison or contrast between the two is not an intention of the author. Rather, the NiO case
should be considered as one that is very similar and a true subset of the ternary film. That this is

not the case, however, for the counterpart ZnO/cubic-ZnMgO films.

NiO Initial Devices

The first instance of photoresponse demonstrated by the author among these cubic oxides
was that of NiO. This first generation of NiO devices was fabricated from existing MSM masks,

as mentioned, with the primary goal of simply determining if the photoresponse of the material
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was measurable at all. This interrogation would be answered by testing with the HeCd
ultraviolet laser (325 nm). A secondary goal was to determine if the photoresponse was

spectrally selective, as is expected from spectrophotometry. This could be tested in part by use

of the red diode laser (635 nm).

==
-
=
i
.
e

[x] [ [3]

Figure 30. MSM Devices fabricated on NiO (on MgO).

MSM devices were fabricated on first-generation NiO grown on both on Si and on MgO
substrates, as discussed. Electron beam evaporation was employed for the metals deposition.
The contact metal used was Pt and contact thickness was 200 nm. Devices were annealed at 450
°C for 60 seconds. Fabricated devices are shown in Figure 30. The MSM design featured finger
spacing that ranged from 3 — 10 pm.

The MSM devices were characterized through current-voltage (IV) measurements using a
Keithley source-meter connected to a Signatone 1160 probe station. Devices were first measured
without illumination to characterize dark current. Devices were then illuminated with 325 nm
light from the He-Cd laser and, separately, 635 nm light from the diode laser. The optical power
of both lasers was reduced to 4.8 + 0.08 mW and was focused to a spot size approximately equal

to the total device size (~200 um). Figure 31 shows one such device under both 325 nm
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illumination and 635 nm illumination. It should be noted that while the laser spot size is similar
to the total device area, the active area of these devices is very small and occupies less than

~10% of the spot size area, as can be seen.

Figure 31. NiO MSM devices under (a) 325 nm illumination and (b) 635 nm illumination. Note
that the blue appearance in (a) is not the laser light color itself (which is UV) but rather an
artifact of luminescence from one of the optics used to redirect the laser light.

The IV characteristics and photoresponse of the MSM devices was very different for the
two categories of films (Si-grown and MgO-grown). These differences are not likely due only to
the substrates themselves, but also to other more critical growth parameters.

Figure 32 shows the IV characterization for a NiO MSM device on MgO. The strongly
linear nature of the curve indicates that Ohmic contacts were formed by the processing. The
figure shows three curves which correspond to the dark measurement (455.5 kQ), the 635 nm

illumination curve (455.0 kQ) and the 325 nm illumination curve (211.6 kQ).
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Figure 32. IV curves showing the photoresponse of a NiO-on-MgO MSM device to 325 and 635

nm light as compared to the device dark IV. The difference between the dark current and that
under 635 nm illumination is almost indistinguishable on this scale.

Several factors are notable in the data shown. First, the curves show that the devices
have relatively large dark current of ~8 pA at 4 V bias. This low resistivity implies that there is
probably a relatively high defect density which increases conductivity. Importantly however, the
device exhibited a substantially stronger responsivity to 325 nm light (~ 1.77 mA/W at 3 Volts)
than to 635 nm light (< 10 pA/W at 3 Volts). This UV:VIS rejection ratio of approximately

177:1 was the first quantified observation which strongly supported the notion that this material

may be a promising candidate for visible-blind detection.
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Figure 33. IV curves for a NiO MSM device on Si. While the differential responsivity is less
substantial, these devices do exhibit strongly rectifying behavior.

Figure 33 shows the IV spectral characterization of a NiO MSM device on Si.
Interestingly, these devices showed strongly rectifying behavior as compared to those on MgO,
despite identical fabrication and annealing procedure. The NiO on Si devices did show a
stronger response to UV illumination than to 635 nm light, but not significantly so. Both of these
differences can no doubt be attributed to the material growth procedure, but the exact source of

the differences remains to be explored.

NiMgO Devices

Among the significant achievements in the research endeavor, that of the ternary NiMgO
perhaps best punctuates the assertion that the effort has been successful. After significant

refinement of the NiMgO thin films, as described, testing of the films as a photoconductive UV

63



optoelectronics could advance. Photoconductivity had been shown with NiO and thus it was
presumed to possible for NiMgO as well. However, it was not at all presumed that it would be
observed for this material. In fact, because of the insulating nature of pure MgO, it was thought
more likely that observation of photoresponse would be more challenging. Therefore, in order to
better facilitate observation of such a response a more refined MSM design was necessary.

First, larger area devices would be needed if a broadband source - such as a Deuterium or
Xenon lamp - were to be used as illumination. Larger area devices are helpful in this case
because the minimum achievable spot size with such a lamp is significantly larger than for that
of alaser. And in order to determine a true device spectral response, such a lamp would be
required, as discussed. A series of MSM devices patterns were therefore designed with lateral
sizes of 100 x 100 um” and varying electrode finger separation ranging from 1 to 15 um. The
photomasks were designed with L-Edit and fabricated in house using the Leica EBPG5000+
electron beam lithography system. Though the mask met exact specifications, the smallest MSM
devices patterned on the mask (spacing < 3 pum) could not be transferred into photoresist due to
diffraction limitations of the exposure process. In one instance, however, the MSM devices were
fabricated directly by electron beam lithography on the sample thereby achieving resolution of
all feature sizes. This sample is shown in Figure 34 and therefore serves as an excellent
representation of the mask pattern. Additional generations of devices were later designed and
fabricated but consisted of almost identical device geometries but incorporated lateral sizes up to

300 x 300 pm>.
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Figure 34. MSM devices fabricated from'NngO thin film by electron beam lithography.

The earliest tests of NiMgO MSM devices yielded no results that indicated photoresponse
of any kind. This was later determined to be several factors that included both experimental
oversights as well as film characteristics that were not well understood. First, there was initially
no existing UV response setup available to the author. Thus the experimental setup was
continually modified as understanding of the films was gained. The spectral (or
spectrotemporal) response setup was not initially equipped with the critical low {/# (f/1) sapphire
UV lens at the sample position. Therefore, the spot size area was hundreds of times greater than
that of the device making the photoresponse immeasurably low. Furthermore, the earliest films
grown were of undesirable quality and would only exhibit the weakest, slowest UV
photoresponse, if any at all.

Initial testing for photoresponse of the devices did not include any temporal element and

consisted of measuring device IV curves with and without UV illumination. The first
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observation of any photoresponse by NiMgO was seen in films grown by the aforementioned
oxygen rich conditions. The particular film which exhibited the response was grown at the
relatively low substrate temperature of 300 °C, with a Nickel cell temperature of 1325 °C, a
Magnesium cell temperature of 345 °C and an oxygen flux rate of 2.5 sccm.

At that time, an interesting phenomenon was observed which was not understood or
correctly interpreted by the author. It was seen that, when multiple alternating light and dark
(illuminated and un-illuminated) IV curves were taken sequentially, they would initially show a
measureable increase in current with UV exposure. This change in current would not be
repeatedly reproducible, however, and the light and dark currents would converge towards the
same value with increasing number of trials. This is exemplified in Figure 35. It was thought for
some time that this was indicative of unusable device quality and represented a permanent
degeneration. But with increased study of the phenomenon it eventually became clear the
physical significance of this seemingly degenerate functionality and how to grow the films to

reduce or eliminate this persistent photoconductivity.
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Figure 35. (left) Four sequentially acquired pairs of dark and light IV curves shown with the
converging value of the device current at 10 V with increasing trial number (right).

Repeated observation of this IV behavior led to a study of the films in both the temporal
and spectral domains simultaneously. This was facilitated by creating a LabView VI which
incorporates continuous measurement of the device current in both dark and illuminated states
(the temporal component) and spectral variation of the illumination wavelength. These are
termed spectrotemporal measurements and can elucidate to some extent the conduction
mechanisms and defects present in the films under study. With the implementation of
spectrotemporal measurements, and with the inclusion of superior optical elements and
experimental improvements, the photoresponse of the NiMgO films could be adequately
assessed to show functionality as intended.

To advance the NiMgO films with parameter selection, the photoconductivity (and
persistence thereof) was interpreted as an indicator of film quality. In general, the phenomenon
of persistent photoconductivity in semiconductor is closely associated with shallow-level defects.
There are many various mechanisms that may contribute as such and their exploration lies
outside the scope of this discussion. However, one general principal which guided the changes
in growth parameters was the conjecture that if the quality of the films was improved, it would
promote films with not only a greater magnitude of response, but also films exhibiting faster
photocurrent decay. This conjecture proved true and has continued to be a helpful hypothesis in
the advancement of the films.

Earliest film growths of NiMgO were carried out at low temperatures (typically 300 °C)

and with greater Nickel flux (Ni cell temperatures greater than 1400 °C), as previously described.
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These films exhibited no observable photoresponse. The same parameter changes which led to
the improvement of the films’ morphological and optical properties also eventually led to
observation of photoresponse from these same films. The key parameters which contribute
strongly to the magnitude and temporal qualities of the photoresponse were found to be the
metals:Oxygen ratio, as discussed, and also the substrate temperature.

The importance of substrate temperature is best illustrated by two films grown with
identical Ni, Mg and O fluxes but with different substrate temperatures, 100 °C and 500 °C.
These samples, shown in Figure 36, are initially in the dark state (t < 10 s), then illuminated with
290 nm light for 15 secnds (10 s <t <25 s) and allowed to relax back to approximately the initial
dark current. The impact on the photoresponse is obvious and noteworthy. First, the higher
temperature sample exhibits a response that is more than an order of magnitude greater than that
of the low temperature sample. Also immediately obvious is the difference in the temporal
decay of the photocurrents between the two. The higher temperature sample apparently exhibits
a very strong fast-response component (with a time constant on the order of 1 second) as well as
a slower-response component (time constant ~20 s). The lower temperature sample (top) shows
only an extremely weak fast response, and a very slow decay of photocurrent (tine constant ~ 85

seconds).
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Figure 36. The temporal photoresponse two NiMgO films grown with identical Ni:O flux ratios.
One film (top) was grown at a substrate temperature of 100 °C while the other (bottom) was
grown at 500 °C.

As well as high-temperature growth, it also proved valuable to continue extending the
notion of reducing the Ni:O ratio to improve photoresponse. One of the highest quality NiMgO
films grown showed tremendous improvement over the aforementioned samples. Figure 37
illustrates the improved response of this film. For this sample, not only was the growth
temperature further increased to 700 °C, but also the Ni cell temperature was reduced to 1350 °C
and the oxygen flow rate increased to 0.65 sccm. The sample shows a tremendous increase in

peak responsivity (~11 mA/W) over the others and exhibited a slow-response photocurrent decay

time of only 8 seconds. While such a persistent photoconductivity is not desirable in general,
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these improvements show that this phenomenon might be further reduced or eventually

eliminated with appropriate growth parameters and techniques.
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Figure 37. The temporal response of a high quality NiMgO film exposed to 290 nm light for 2.5
seconds.

Examining both the spectral response and the temporal response of these devices
concurrently provides the best insight as to their functionality. Figure 38 shows a three
dimensional graph of the complete spectrotemporal data set for a particular MSM sample (5 um
finger spacing, 10 V applied voltage). By analyzing such a data set, not only can the quality of
device response be quantified (magnitude and temporal characteristics) but also the effective

spectral response of the device. Such spectral characterization is crucial for determination of

applicability of these films.

70



lllum. on @ 5 sec

> 1.5 — V =10V lllum. off @ 15 sec
— applied
e -
g % 1.0 —
a& ]
o 0.5 —

0.0 —

225

275
325
Wavelength 375
.
(nm) 10 20 30

Figure 38. Spectrotemporal response of NiMgO MSM device.

By taking a spectral cross section of the full data set shown in Figure 38, the device
spectral response is easily obtained. The spectral response of the MSM in Figure 38 is shown in
Figure 39, along with that of a similar film grown with identical parameters, aside from a
different Mg cell temperature (and therefore Mg concentration). The sample with a greater Ni
concentration (estimated x = 0.9) shows a 1 dB cutoff wavelength of approximately 320 nm.
The sample with lower Ni concentration (est. x = 0.75) exhibits a shorter cutoff wavelength
around 295 nm. This simple graph, in some ways, best represents the entire culmination of the

research efforts in NiMgO by the author thus far in that it shows not only a tremendous
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advancement in the material from the time of inception, but also the usefulness of the ternary

compound in its applications to deep UV technologies.
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Figure 39. Spectral response of two similar NiMgO films, grown only with different Mg fluxes.
The shift in device response edge demonstrates the tunability of the films’ bandgap.
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ZnO0 and ZnMgO

ZnO Film Growth & Characterization

ZnO films were actually the first oxide films grown in the research efforts. They were
chosen in large part because approximate growth parameters had already been established for
Zn0O and were available from existing, publicized research. At that point in the endeavor, the
goals were largely focused on establishing the functionality of the MBE system, which was
untested at that time. Binary ZnO itself is somewhat peripheral to the broader goals of realizing
cubic oxide materials and devices as it is wurtzite (B4) structure. As such, only a small number
of ZnO films were grown on c-plane sapphire. Film growth was characterized in-situ with laser
reflectometry only as RHEED was not yet functioning at that time. The significant progress
made in this effort was not in the quality of the films so much as simply the realization of
epitaxial films for the first time. However, reasonable quality films were produced with RMS
roughness as low as 3.16 nm. Also, temperature parameters for ZnO were approximately
established and were used for the future and more relevant work of growing the ternary
compound, ZnMg;_«O. Ex situ, the ZnO films were also characterized morphologically and
optically.

Figure 40a shows in-situ reflectometry of a ZnO film growth session. The consistent
magnitude of the reflectance oscillations indicates persistence in film quality throughout the
growth session which lasted just over seven hours. The change in oscillation frequency is a
result in changing the temperature of the Zinc Knudsen cell, which in turn changes the growth

rate. Figure 40b shows the growth rates derived from the reflectometry in part a. The growth
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rate does appear to saturate, as seen in MgO growth (Figure 16). The saturation appears less
dramatic in this case because the temperature range of the K-cell here is narrower. This
temperature range was initially conjectured for ideal ZnO growth by an experience colleague. It
should be noted here that there was an aperture in the Zn crucible during these growths, which

restricted flux as compared to the open-crucible growths.
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Figure 40. a) Reflectance oscillations from a ZnO epitaxial film growth. b) Growth rates
derived from the growth in a) and one other growth session.
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Figure 41. (Left top) Spectral reflection and (left bottom) photoluminescence of ZnO on c-
plane AI203. (Right) AFM scan of ZnO thin film exhibiting 3.16 nm RMS roughness.

The ZnO films grown were also characterized optically and morphologically.
Transmission measurements, photoluminescence and AFM measurements were all carried out on
the ZnO films and are shown in Figure 41. The optical measurements indicated an optical
transition around 390 nm (3.18 eV), a slightly lower energy than the accepted value for the band
gap of ZnO (3.37 eV). There was also a transition indicated by photoluminescence around 600
nm (2.07 eV). This was observed in the CdZnO films, as discussed, and is sometimes termed the
“red band” luminescence. AFM measurements indicate relatively smooth surface and weak
evidence of triangular (hexagonal) symmetry. Note that virtually no time was spent on
improving the quality of ZnO since it was peripheral to the cubic oxide research of interest; it

was merely a proof of capability.
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ZnMgO Film Growth and Characterization

The ZnyMg; <O films were studied sequentially after the NixMg; xO and therefore
benefited from experience and understanding gained earlier in the research. Additionally, a
relatively narrow range of growth parameters had already been established for both of the binary
films (MgO and ZnO) which gave a favorable starting parameter space for the crystal growth.
The ZnMgO films have exhibited excellent morphological and optical quality and, while some
improvement can no doubt be yet gained, they are ready for additional interrogations. Further,
because of their quality, the ZnMgO films have already been exploited by the author in simple
thin film structures, as a proof-of-capability endeavor.

The approach for the growth of the ZnMgO films was straightforward. Since existing
temperature parameters had been established for both Zn and Mg evaporation, these served as a
starting point. Also, an optimal range of system pressures had been established for both binary
oxides. Further simplifying the circumstances is the fact that Zn and Mg both exhibit very
similar gettering in the oxygen environment. An approximate system pressure of 5 -15 pTorr
was observed to be largely optimal for both of the relevant binary compounds. The higher end of
this range represents oxygen rich conditions, which have tended to exhibit better morphology.
Both Zn and Mg cell temperature were investigated over the approximate range of 320 — 450 °C.
For the first full growth series of ZnMgO, the Zn cell temperature was set at 355 °C, a
temperature which set the system maximum pressure to approximately 10 pTorr, with no Mg
flux. The Magnesium flux was set complimentarily to further reduce the pressure to 5 pTorr.,
approximately 400 °C. Successive growth sessions were carried out in which the Mg cell

temperature was reduced incrementally by 10 °C. Initial growth sessions showed almost no

76



evidence of Zn integration. This is evidence of the preferential reaction of Mg with O over that
of Zn with Oxygen, as discussed in greater depth later. As the Mg cell temperature was
decreased, thereby decreasing Mg flux, a shift in the absorption edge was observed when Ty <
380 °C.

Further pursuit of this effort resulted in excellent quality cubic ZnMgO which is best
exemplified by six films which demonstrate excellent quality as well as the desired bandgap
tunability.

Figure 42 shows the RBS spectra for the six films in the order of increasing Zn, with the
lowest Zn concentration (MgO homoepitaxial film) at the bottom. The highest energy peaks
(~1.77 MeV) in the data are indicative of the film Zn content and the higher energy step (~1.17
MeV) represents Mg film content. The next step, with varying energy (~0.9 — 1.07 MeV), is the
subsurface Mg step and the lowest energy step is oxygen (~0.85 MeV). Fits of the spectra
showed the Zn content (x) of the thin films to be 0, 0.12, 0.33, 0.44, 0.58 and 0.65. Element

profiles indicate good overall uniformity in composition throughout the films.
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Figure 42. Rutherford Backscattering spectra for the six films grown. The highest energy peak
indicates the Zn concentration which increases from x = 0 to x = 0.65, from bottom to top.

XRD measurement data are presented in Figure 43, also in the order of increasing Zn
content, low to high. The domain of the graph is subdivided into two regions (30° <20 <42.5°
and 41.5° <20 < 44.5°) to best show relevant detail. Note that the intensity in the left pane is
magnified by a factor of 400 relative to that in the right pane. The most intense peak observed in
all of the films is located at 20 = 42.915° and yields a lattice spacing of 4.2113 A (full-width
half-maximum A26 = 0.25°). This is the cubic MgO (002) peak which is present in all the
spectra because of substrate diffraction and is not sharply distinguishable from ZnMgO film
diffraction for all cases x <0.33. For samples x =0.12 and 0.33, therefore, the peak locations

due to the films themselves are subject to greater error. The cubic ZnMgO (002) peaks for x =
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0.44, 0.58 and 0.65 are clearly distinguishable and allow for good assessment of film lattice

constants.
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Figure 43. X-ray diffraction spectra of the Zn,Mg; O thin films in the angular range 30° <26 <
42.5° (left pane) and 41.5° <20 < 44.5° (right pane).

The left plane of Figure 43 spans across the angular coordinate of wurtzite structure
ZnMgO (002) and (101) diffraction peaks. All but one of the spectra are free of any discernable
features here and these films are therefore strictly cubic phase in structure. The film with
greatest Zn integration, x = 0.65, shows both the wurtzite (002) and (101) diffraction peaks, in

addition to the cubic (002) peaks (right pane). The intensity of the cubic (002) peak is
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approximately 200 times greater than that of the wurtzite (002) peak suggesting that, while phase
segregation occurs for this concentration, it is still predominately cubic in structure.

Figure 44 shows the ZnMgO a-lattice constants for the films plotted against Zn
concentration, as derived from the XRD spectra. To calculate the lattice constants, the
asymmetric pseudo-Voigt function was fit to the peaks using standard non-linear curve fit
analysis software. The lattice constants are shown to be approximately linear as a function of Zn
content, ranging from 4.212 A t0 4.275 A over the compositional range studied, suggesting
reasonable lattice matching without relaxation of the films. The derived lattice constants are

shown overlaid with those previously published for comparison [76, 107-111].
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Figure 44. ZnMgO film lattice constants, as derived from the cubic (002). Values are found to
be in good agreement with those reported in literature.
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AFM measurements of the films revealed good overall morphology of the strictly cubic
phase films with RMS roughness (R,) ranging between 10 and 20 A, taken over 4 urn2 scan
regions. These samples also exhibited distinctly cubic morphology as evidenced by AFM. In
Figure 45(a), a 5 x 5 pm? scan of the x = 0.33 films exemplifies this cubic structure. The film
surface is highly ordered and suggestive of (100) orientation. The good long range order of the
cubic films was also indicated by streaky, well-defined RHEED patterns, as shown in Figure
45(b). In general, the quality of RHEED patterns of all cubic films was improved over that of
the substrate. Figure 45(c)isaSx 5 umz AFM scan of the phase segregated sample, x = 0.65.
As apparent in the image, the surface does not exhibit the same cubic symmetry as the lower Zn
concentration samples, and no RHEED pattern for this film could be resolved. The roughness of
the film was found to be more than an order of magnitude greater than those which are entirely
cubic (Rg=444 Aovera4 umz region). For comparison, the roughness, as determined by AFM,
of all films is presented graphically in Figure 46. It is evident that the higher Zn integration
results not only in structural phase segregation, but also in a significant reduction in surface

order.
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Figure 45. (a)5x 5 },Lm2 AFM image of the x = 0.33 film. (b) RHEED image of the x = 0.33
sample (¢) 5 x 5 um”AFM image of the x = 0.65 film
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Figure 46. RMS roughness of the six films, as measured over a 2x2 um” region.

The results of the transmission measurements are shown in Figure 47 and the associated
Tauc plots derived from transmission measurements — (ochv)2 versus photon energy, hv — are
shown in Figure 48. The five cubic structure films exhibit abrupt absorption edges and good
transparency throughout the visible spectrum (T > 70%), including the modulating effects of
interference. The linearity of the Tauc plots in Figure 48 demonstrates the direct nature of the
optical transition. As expected, the absorption edge shifts to lower energies with increased Zn
concentration. Interestingly, the phase segregated sample (x = 0.65) shows two distinct

absorption features. The higher energy of these two features is expected to be due to cubic phase
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regions of the sample, while the lower energy feature is attributed to the wurtzite component of
the film.  Asis common practice, by fitting the approximately linear regions of the Tauc plots
(3.5-10" < (ochv)2 <1.510" eV¥cm?) and finding the energy-axis intercepts, the bandgaps of
the six films were determined (using the higher energy feature as the nominal bandgap value of

the phase segregated sample).
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Figure 47. Transmission of the ZnMgO films, as determined by UV-VIS spectrophotometry.
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Figure 48. Optical absorption of the ZnMgO films, as derived from transmission measurements.

The bandgaps of the strictly cubic ZnMgO films were found to shift from the maximum
value of 6.25 eV for x = 0.12 to a minimum value of 5.23 eV for the x = 0.58 film, with an
approximately linear relationship as a function of Zn concentration. The high energy (B1)
absorption feature of the x = 0.65 has its extrapolated energy axis intercept at 4.85 eV which also
corresponds well with the linear behavior of the cubic films. The low energy absorption feature
of this film is linearly extrapolated to approximately 3.40 eV, as shown in the inset of Figure 48.
It is significant to note that this may be an indication that the wurtzite phase regions of the film
are in fact very low in Mg content, even approaching pure ZnO. Further analysis with

transmission electron microscopy (TEM) is necessary in order to better characterize the structure

and its phases.
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The optical absorption of the homoepitaxial MgO film is also shown in Figure 48 and it is
multiplied by 10° to be visible on the same vertical scale. It is important to discuss the
absorption feature present here. The apparatus used to carry out transmission measurements
cannot measure energies greater than 7.08 eV (A < 175 nm) and therefore cannot assess the band
edge absorption at ~7.8eV. However, there is clearly absorption which, if fitted linearly, has its
intercept at approximately 5.75 eV. This absorption may be attributed to the F' and F+ oxygen
vacancies, and related defects, which are closely spaced in energy, located around 5 eV [106,
112, 113]. These transitions are direct and therefore contribute to a linear region in the
ochvz(hv) plot, as do the band edge transitions. Though these are significantly weaker (~100 cm”
! per our measurements), the transmitted light is attenuated to a few percent of its incident
intensity due to the relatively thick substrates (500 pum) and therefore bear some semblance to
band edge absorption in the transmissions curves.

Figure 49 shows the bandgap values of the films as determined by the means described
above. The values determined in this work are in good overall agreement with those reported in
literature [76, 107, 114, 100, 109, 111], and exhibit a linear relation described by E,(x) =-2.79x
+ 6.75eV. The data gathered in this work suggests a slightly smaller change in optical bandgap
with respect to Zn concentration (|JSE4/8x|), according to its linear fit. The greater disagreement
is seen in the lowest concentration sample (x = 0.12) where the bandgap of our film was found to
be 0.25 - 0.5 eV smaller than that in existing literature. This may be attributed to measurement
or experimental error, however it is expected that cubic growth on MgO incurs different strain
conditions than on lattice mismatched sapphire, thereby inducing changes in material properties

such as bandgap. Interestingly, all the data presented in this figure suggests a rather poor linear
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extrapolation to the bandgap of binary MgO, which would be underestimated by 0.6 — 1 eV by
all data shown. Yet, to the authors’ knowledge, the relationship of the cubic ternary has only
been presented as a linear one, as in references [76, 114], for example. Likewise, the bandgaps
of the films grown in this work are well correlated linearly, suggesting that this is an appropriate
relation to ascribe to the dependence. That stated, it may be that the bandgap values for low Zn
content films are underestimated due to a high density of shallow-level defects which, like the F,
F+ centers in MgO, are misconstrued for band edge transitions. If so, this defect warrants
further investigation and should be well understood as it may be an important contributor to the

film conductivity.
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Figure 49. Bandgap values of the five ternary films plotted versus Zn concentration, x, shown
with the accepted bandgap value of binary MgO and various published values from other works.
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Finally, Figure 50 shows the resistivities of the films as determined by Hall
measurements. There are three distinct tiers in the values measured, all of which were found to
be n-type in carrier type. First, the four cubic heteroepitaxial films (x = 0.12 through 0.58) were
found to have similar resistivities around 1x10° Q/cm. The phase segregated sample (x = 0.65)
exhibited lower resistivity by a factor of approximately four while the homoepitaxial film (x = 0)
had a resistivity almost 3 orders of magnitude greater those of the cubic ternary ones. The lower
resistivity of the phase segregated sample may be attributed to defects — possibly grain boundary
states — which facilitate conduction of carriers generated within the grains. The higher resistivity
of the homoepitaxial film is not as readily explicable. It is possible that the crystal quality is
better for the MgO homoepitaxial film due in part to reduced total cation flux during growth,
which would allow for better surface mobility of adatoms. This conjecture is supported in part
by the more narrow diffraction peaks observed in XRD for this film, as well as slightly smoother
surface morphology. Also, however, it is known that MgO has a high ionicity (as such it is
categorically labeled as ionic) and carriers are therefore inherently less itinerant. The presence
of Zn atoms within the lattice may serve not only to reduce the bandgap and (thereby increasing
active carrier concentration at a given temperature), but also to improve mobility. In the
measurements made, while the conductivity values were highly consistent, the carrier
concentrations and mobility values vacillated somewhat and are therefore not presented here.

This conductivity change in binary MgO may be related to the seemingly abrupt change in
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bandgap value for MgO discussed above. It seems clear that more interrogation of low Zn

concentration films would help elucidate the mechanisms of these observations.
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Figure 50. Electrical conductivities of the ZnMgO films and the MgO homoepitaxial one.

In summary, the ZnMgO films were found to have good overall surface morphology
indicative of high quality. X-ray diffraction measurements corroborated this assessment and also
indicated a linear relation of the lattice constant to Zn concentration. Transmission
measurements were used to determine material bandgap variation with Zn mole fraction,

demonstrating a linear shift from 6.25 to 4.85 eV as Zn mole fraction was increased from 0 to
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0.58. ZnMgO with x=0.65 exhibited a mixed phase of B1 and B4 crystal structure, consistent
with other studies in the literature. Interestingly, as observed by other groups, the linear behavior
of the bandgap energy fails to extrapolate well to the accepted bandgap value of MgO, 7.8 eV.
Finally, Hall measurements of the films quantified their high resistivity thereby demonstrating

their suitability for future extrinsic doping.

ZnMgO DBR
One of the minor, yet noteworthy proof-of-concept growth efforts pursued briefly was the
attempt to grow a deliberately designed, wavelength specific reflective structure. Such a
reflective structure, termed a distributed Bragg reflector (DBR), would demonstrate the ability to
accurately control layer thicknesses and concentrations while maintaining optical smoothness.

Thus, once sufficient quality had been achieved with ZnMgO, the DBR growth was attempted.
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Figure 51. RBS spectra of a 5-period ZnMgOdistributed Bragg reflector
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The thickness of the layers needed to realize a DBR were estimated by analyzing the
laser reflectometry (using a red laser diode, as previously described) and making corrections for
the intended wavelength. In the case presented here, the structure was designed for a peak
reflection at A = 350 nm. The thicknesses of the ZnMgO and MgO layers were estimated to be
48.1 nm and 50.7 nm, respectively. The results of RBS taken on the sample are shown in Figure
51. The measured backscattered spectrum was well modeled using the intended design
thicknesses. The optical measurements of the DBR are shown in Figure 52. The structure shows
desired optical properties and exhibits a peak reflectance at 341 nm. The peak reflectivity is

approximately 91% at this wavelength. Such a deliberately designed DBR shows the potential of

this growth technique in multilayer structures.
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Figure 52. Transmittance (left) and approximate reflectance (right) of the ZnMgO/MgO DBR.
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ZnMgO Device Characterization

Observation of photoresponse from cubic ZnMgO was one of the latest significant
findings in the investigation. This was due in large part to the difficulty associated with
maintaining cubic crystal structure with a sufficiently high Zn concentration to observe a
photocurrent. Early ZnMgO films did not exhibit measureable photoconductivity, but this may
ultimately be attributed to the fact that the MSM device patterns used at that time were very
small area and had relatively large electrode finger separation. Additional complications with
ZnMgO growth arose after MBE system underwent major maintenance and the previously
described film qualities and band edge characteristics were challenging to reproduce. Finally,
after numerous growths attempts, a ZnMgO was grown which showed a very encouraging
photoresponse.

In the case of this particular sample, a lower growth temperature was employed to
promote integration of significant Zn into the film while maintaining a strictly cubic structure,
which was the primary challenge in the final series of growths. The successful film was grown
at a substrate temperature of 200 °C, with a Mg cell temperature of 350 °C, a Zn cell temperature
of 340 °C and an oxygen flux of 2.5 sccm. Based on previous data, the approximate percent of
Zn present in the film (x) is estimated to be 0.4. The results of XRD measurements are shown in
Figure 53 which confirm the strictly cubic structure of the film. The peaks present are attributed

to the cubic phase ZnMgO (001) and (002) spacings.
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Figure 53. X-ray diffraction measurement of a Zno4Mgo O thin film exhibiting strictly cubic
structure, as indicated by the absence of any hexagonal peaks.

Figure 54 shows the spectrotemporal data set of a MSM device fabricated from the
Znp4Mgo 6O film. The particular MSM under test featured an electrode finger spacing of 5 um
and utilized Pt:Au contacts. Note that the MSM device here does not exhibit an observable
persistent photoconductivity as do the NiMgO films and this is an obvious advantage of these
films over the NiMgO ones in their application to MSM detectors. Figure 55 shows the spectral
cross section of the spectrotemporal response plotted with the transmission of the film. The
cutoff wavelength is approximately 260 nm and demonstrates unambiguously the deep-UV

applicability of this ternary compound.
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Figure 54. Spectrotemporal response of the ZnMgO film showing deep UV spectral response
with a cutoff wavelength of approximately 260 nm.
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Figure 55. Photoresponse of the Zny4Mgp¢O thin film plotted with the film’s transmission
measurement.
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CdZnO

One of the initial pertinent investigations conducted by the author was a study of the
optical and morphological properties of the ternary compound, CdyZn; xO. This research was
conducted in cooperation with SVT Associates Inc. (Eden Prairie, MN), an epitaxial equipment
manufacturer who is credited with the growth of the films studied.

Incorporation of Cd into ZnO decreases the band gap of the semiconductor and, much
like ZnyMg; O, CdsZn,; 4O has been investigated for this reason as an optoelectronic material
[115-121], driven greatly by the potential for visible wavelength devices. The research
conducted by the author was not initially on film growth nor was it related to device fabrication.
Rather, the investigation was one of materials characterization. This research later matured into
device fabrication and subsequently film growth. The characterization research was conducted
at two levels of scrutiny. The first work was a more cursory optical and morphological
investigation. This was followed later by a more detailed investigation of the refractive indices
of the CdyZn,; O films. In this section both works are presented for completeness but also

because this section serves as an introduction to methods that will be used in continuing research.

Compositional and Morphological Characterization

The compositional and morphological properties of a semiconductor crystal are of
obvious and intrinsic importance. Morphological quality is inherently indicative of, and related
to, good crystal quality. Because the CdsZn; O films were novel at the time, an assessment of
the crystal quality had to be made. Once reasonably good semiconductor properties had been

established, further research could be conducted. In order to examine these properties of the
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CdxZn; O thin films, various techniques were employed. Rutherford backscattering
spectroscopy (RBS) correlated with secondary-ion mass spectroscopy (SIMS) were used to
interrogate the films’ compositional properties while the morphology was examined with atomic

force microscopy (AFM).

RBS is an analytical technique used to determine material composition by measuring the
energy of deflected, or backscattered, particles from a sample surface. The particles used in this
case are He™ ions with approximately 2 MeV energies. The experimental aspect of the RBS was
carried out at a local material analysis center AMPAC and the data was analyzed and fitted by
the author. Analysis of the data involves iterative conjecturing of layer thicknesses and
compositions, generating mathematically modeled backscattered spectra and comparison of
modeled and experimental data. This analysis exploits the use of a well-known RBS-specific

program called RUMP.
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Figure 56. Rutherford Backscattering energy spectra of three CdsZn; O samples

Figure 56 shows an example of RBS data collected from four samples of varying
amounts of cadmium. The feature with the highest energy is that resulting from Cd component
of the film. The figure indicates the percentages of cadmium concentrations which range from 9
—T77%. The steep slopes in the transition regions show abrupt interfaces between the layers.
Also, the relatively consistent slopes seen on the top of most features are an indication of
consistent composition throughout the individual layers. The sharp peak seen for one sample is
the summed result of two elements which spectrally overlap (Zn and Cd, in this case).

As a secondary means of verifying the layer compositions, secondary ion mass
spectrometry (SIMS) was used. SIMS is a compositional measurement technique that exploits a
similar principle as RBS. In SIMS, ions are bombarded into a material surface and the secondary

ions produced are analyzed with mass spectrometry. SIMS is more sensitive to material
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concentrations than RBS but is also more experimentally difficult to realize and it is destructive.
SIMS which is used for depth profiling is termed dynamic SIMS in contrast to static SIMS (also
referred to as shallow SIMS) which is used to analyze only the top monatomic layers of a
sample. The SIMS measurements in this case were not carried out by the author, but by a
collaborator as a means to help verify and correlate the RBS results. Figure 57 shows SIMS the

results for one such sample.
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Figure 57. SIMS compositional analysis of a 36% cadmium sample

To characterize the morphology of the CdyZn;.<O samples, atomic force microscopy
(AFM) was carried out. AFM is a surface analysis technique in which an extremely fine

cantilever tip (usually electron-beam etched) traces the surface of a material and is repulsed by
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the material’s close range forces (typically Van der Waals forces). In this case, a tapping mode
AFM (TMAFM) was used to measure and image the sample surfaces. Figure 58a shows the
TMAFM image from a GaN template used for the Cd,Zn,; 4O epitaxial growth. The GaN layer
exhibits an RMS roughness of 1.5 nm. The surface of the Cdy1,Zng 030 epilayer has an RMS
roughness of only 2.8 nm, and is highly uniform (Figure 58b). A moderate density (108 cm™) of
surface features with a base width of 200 nm and a height of 10-20 nm occur sporadically on the
surface. As the cadmium concentration is increased to 10% and 30%, the RMS roughness
increases to 4.2 nm and 9.2 nm, respectively. For increasing concentrations of Cd, the density of

surface features increases as do their respective aspect ratios [119].
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Figure 58. AFM scans of GaN nucleation layer (a), and 2, 10 and 30% cadmium samples (b-d),
shown with roughness versus cadmium concentration for 7 samples (e).
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Optical Characterization

Optical properties of the material system under study are of paramount interest in the
characterization of the oxide films. The effects of alloying ZnO with Cd or Mg have been
discussed with regards to the material band gap. The investigation conducted by the author
focused on the optical properties of CdxZn; 4O specifically. The first, cursory research sought to
characterize the alloy in terms of its luminescence properties. The second work then
characterized the films’ refractive indices as a function of cadmium concentration.

The first study made on the optical properties of CdsZn; 4O included photoluminescence
and spectrophotometry. The aim of these studies can equally be considered as interrogations of
the electronic band structure. In the case of photoluminescence, the samples are pumped with
photon energies greater than the band gap. Electrons are excited to higher energy states and the
subsequent relaxation to lower states (termed recombination, if it involves an electron-hole pair)
results in the radiation of photons with energies less than or equal to that of the excitation source.
Analyzing these radiated spectra then allows valuable inferences to be made about the material
electronic structure. In the case of spectrophotometry, related though not identical information is
obtained by pumping the sample with a beam of specific photon energy and measuring the light
transmitted or reflected by the sample at that energy. Scanning this incident beam through a
range of wavelengths results in a transmission or reflection spectra is useful in determining not
only band gap characteristics but also refractive index.

The photoluminescence was carried out with a krypton ion (Kr+) gas laser as the pump

source, tuned to 350.7 nm (3.535 eV). The output power ranged from 120 to 140 mW, providing
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intensities at the sample surface ranging from 0.01 to 4.2 W/cm?. PL from the epilayers was
collected with high numerical aperture lens and directed into a monochromator and detected
using a thermoelectrically cooled CCD array. Figure 59 shows the measured PL and absorption
for three samples of different cadmium concentrations [119]. The short-wavelength edge of the
emission spectra correlates with the absorption edge. The absorption edge, and therefore the
band gap, is shown to shift to lower energies with increased cadmium concentration. As the
cadmium content increases, there is also a increase in the full-width half maximum (FWHM) of
the dominant PL line. In every case, a red luminescence line appears between 675 and 750 nm.
This red line is attributed to defects (largely compositional) and is analogous to the so-called
yellow band in GaN. From the photoluminescence spectra, the peak values are measured and are

shown in Figure 60 along with the FWHM as a function of cadmium concentration [119].
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Figure 59. Photoluminescence and absorption for 2, 16 and 30% cadmium
concentration samples.
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Figure 60. Band gap energy and PL FWHM as a function of cadmium concentration.

Complex Refractive Indices

Perhaps one of the significant contributions to CdyZn; 4O studies made by the author is
that of determining the complex refractive indices of these films as a function of cadmium
concentration. The complex index of refraction of a semiconductor is important in order to
characterize the material’s ability to guide or transmit light in various devices. If the refractive
index can be precisely tuned by varying material composition (and loss in the material is
sufficiently low), the material can exploit passive wave-guiding in devices such as lasers.

In the investigation of CdyZn; O thin films, transmission data was collected using
spectrophotometry (transmission mode) and a genetic algorithm was used to fit known dispersion
relations to the collected data. In this data fitting, a matrix formalism is employed which allows

convenient representation of the optical properties of the multi-layer samples.
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The fitting algorithm functions as a standard evolutionary algorithm often used in such

multi-variable model-fitting and optimization problems [122, 123]. The algorithm initiates by

posing a set of solutions consisting of dispersion relation parameters in a predefined parameter

space. The solutions are then evaluated by calculating the point-by-point least-squares

difference, )(2 between the measured spectrum, and the spectrum predicted by the solution,

2T (A) ~To(4))
N

2

Z:

N is the number of points, and 77 and T are the theoretically predicted and experimentally
measured values of transmission, respectively. A transmission stacked-matrix formulation
method is used to model the transmission of the multilayer structure. Figure 61 shows the

mathematical assignments for transmission matrices.
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Figure 61. Variable assignments for spectrophotometric measurement of thin films.

Interfaces are represented by reflection matrices H , , and film layers by propagation matrices L, :

~ 1|1 ~r
B=l @
- W 0

L- [eo e,ﬁ,} (3)

Here, 7; and r; are the wavelength dependent Fresnel transmission and reflection coefficients at the
interface. Variables #; are the complex indices of refraction of the layers and d; are layer

thicknesses. Propagation constants for the layers, f;, are given at normal incidence as
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B.(A) = 77[77" (A)d, )

0

By concatenating matrices, a thin film structure with an arbitrary number of layers can be

represented as

~ ~

-H,, L,.HLH, (5)

system

~ RY R)
M, { B } (6)

21 S

From the system matrix, transmission coefficients 7 are determined by the equation
1 2
T=t"= [—J 7

solutions are ranked in order of decreasing error and are procedurally altered through a pseudo-
random parameter perturbation function known as Gaussian mutation. This process is repeated
until a minimum error is achieved and a solution is converged upon.

Two optical dispersion models were chosen for their simplicity and applicability. For the

transparent regime where the loss is considered negligible (k= 0) the Sellmeier model is given

by
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Where A, B, and C are fitting parameters. In the absorbing region at shorter wavelengths the

multiple oscillator Forouhi-Bloomer (FB) model is used:

L B,E+C,
n(E)=n(w0)+ Y —4—0%
(E)=n(w) §E2—BiE+C,. 9)
A(E-E,))’
k(E) = 87 10
() ZE2—B,.E+Cl. (10)

in which n(), A;, B;, C; and E, are the five fitting parameters, and B,;, C,; and Q; are given by

BOi=g(—BT’2+EgBi—Eg2+CiJ (11)

c, =%{(Eg2+ci)%—215gci} (12)
1 2N\1/2

Q:EMQ—&) (13)

This model is consistent with the Kramers-Kronig relation and has been used to model

the refractive indices of many optical materials including both dielectrics and semiconductors.
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An advantageous property of the FB model is that the imaginary component of index of
refraction, and therefore the absorption coefficient, is identically zero at the wavelength value of
the band gap parameter. The first step in fitting the transmission spectra, therefore, consisted of
extending the FB domain (absorptive region) until the zero-absorption point was determined.
The data for each sample is then divided at its respective approximate band gap parameter. The
transmission spectra above this energy parameter are treated with the FB model, and the spectra
below it are treated with the Sellmeier dispersion model. It is important to note that while E; is
referred to as the band gap parameter, this value does not accurately represent the true
semiconductor band gap. This is because absorption occurs at energies below the band gap due
to excitonic absorption and band tailing effects. The model nonetheless remains functional when
the band gap parameters are less than the material band gap, and the various absorption
phenomena are represented by oscillator terms [124-126].

The resulting refractive indices in the visible region for six different cadmium
concentrations are shown in Figure 62. The real refractive index was shown to increase with
increasing cadmium content. In addition, the absorption edge was shown to shift to lower
energies with increasing cadmium as seen in Figure 63 (right). In general, there was a shift in
the peak of the real refractive indices. The behavior for the two highest cadmium concentration
samples was distinct from the other four. This is discussed fully in the pertinent reference but, in
summary, it is attributed to changes in crystal quality due to the higher cadmium incorporation

[120].
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Figure 62. The refractive indices of CdxZn; O thin films for six different Cd percentages, as fit
to the Sellmeier dispersion relation.
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Figure 63. The real (left) and imaginary (right) refractive indices for six samples of CdZn; O
thin films.
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Table 2. Coefficients for dispersion model fits for CdsZn; xO samples.

Forouhi-Bloomer Sellmeier
Cd (%) n(o0) E, A, B; C; A A B C A
T 1.530 2.949  0.097 6.596 10902 375-420 | 3.118 0.592  0.335 420-800
o) 0.00004 8.575 23.922
0.064 10.105 26.928
0.076 13.062 44.02
1.601 2.612  0.099 5.957 8.93 375-474 § 3.498 0.349  0.385 474-800
9 0.016 6.742 11.419
0.019 8.687 18.884
0.017 11.39 34.521
1.605 2.514  0.086 5.650 8.017 375-493 | 3.724  0.268 0.405 493-800
16 0.095 6.463 10.703
0.079 7.880 17.077
0.081 12.170 41.687
1.711 2.224  0.186 4872  6.005 375-557 | 4.090 0.187 0.480  557-800
30 0.080 6.056  9.947
0.007 6.972  63.718
0.037 11.649 34.141
1.726 1.887 0.010 3.731 3489  400-657 | 4.489 0.136  0.525 657-800
64 0.052 6.332 10.156
0.067 8.116  20.672
0.096 10.065 27.203
1.707 1.733  0.007 5.794 8.418 425-715 } 4587 0.160 0.571 715-800
77 0.074 6.580 11.186
0.225 15.240 84.594
0.015 12.933 44936
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Hybrid and Fully-Oxide Devices

Another significant and relevant investigation conducted by the author was on the
fabrication and characterization of ZnO-based quantum well active region light emitting devices.
The structures for this work were again grown by the research division at SVT Associates. Two
types of structures were grown, fabricated and characterized. Both of the structures are novel in

their design and represent the current forefront of oxide light emitting devices.

The two types of devices may be distinguished as hybrid ZnO-based and fully ZnO-based
quantum well light emitting diodes (LEDs). The former category of LED is a p-i-n structure
device in which the p-type region consists of Mg-doped GaN while the n-type region is Ga-
doped ZnO. The use of a GaN p-region circumvents the difficulties in p-doping of ZnO [74, 66].
Fully ZnO-based, on the contrary, rely upon N-doped ZnO as the p-type materials. Nitrogen has
been used successfully as a p-type dopant, but has a high activation energy (170 — 200 meV) and
therefore results in relatively low carrier concentrations. Both of these structures, however, did
weakly emit light and were therefore functional. Figure 64 shows the structures of both types of
LEDs. The hybrid LED exemplified in this work was a single quantum well device while the
fully ZnO one is a multiple quantum well structure, though variations of these were also

fabricated. This section will describe the fabrication and testing of both kinds of LEDs.
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Figure 64. (Left) Hybrid ZnO-based single quantum well LED and (right) fully ZnO-based
multiple quantum well LED

Hybrid
Prior to fabrication, the CdZnO/GaN LED structures were cleaned by heating in acetone
at 80 °C for 4 minutes, then rinsed with acetone, isopropyl alcohol and deionized water to
remove potential contaminants from the sample surface. Samples were then heated on a hot

plate at 100 °C to ensure that the surface was free of all solvents prior to applying photoresist.
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Figure 65. The etch depth as a function of time for the CdZnO/GaN hybrid LED. Note that the

nonlinearity in the etch rate is due to saturation of the etchant volume used.

Standard lithographic processes were carried out using positive photoresist (Shipley
S1813) and a Karl Suss MJB3 mask aligner. The first pattern exposed and developed was that
for the LED device mesa. In order to etch the isolation mesa patterns down to the p-type GaN
region, HCI/H,O solution was used. It should be noted that the ability to preferentially remove
the upper n-type ZnO material while leaving the underlying p-type GaN layer in tact represents a
unique advantage of such hybrid light emitting devices. Initial characterization of the etch rates
was carried out using profilometry after successive 10 s emersions in solution. Figure 65

illustrates the etch rate of the hybrid structure for 5 and 10% HCI acid solutions.
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After removing the resist, the etched mesa patterns were then examined using a Veeco
Dimension atomic force microscope (AFM). Figure 66 shows the quality of a corner of one of
the device mesas. The AFM scan illustrates the positive sidewalls of the mesa due to lateral
etching of the ZnO, which undercuts the photoresist pattern. The slopes of the mesa reveal that
lateral etching occurs faster than vertical etching by a factor of two, as seen in the cross-sectional

AFM image; however, the 90° corner angle of the mesa pattern is preserved.

(m)
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Figure 66. (Top) AFM image of a mesa corner. Sidewalls observed are due to lateral etching of
Zn0O by HCI/H,O (Bottom) AFM cross-section revealing sidewall with a slope of Az/Ay = 1/2.
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Samples were then patterned for metal deposition of the device contacts. Contact metals were
deposited by electron beam evaporation using a Temescal e-beam evaporator. Ni/Au (100
A72000 A) metals were used for the p-GaN contacts and Ti/Au (200 A/2000 A) were used for the
n-ZnO contacts. In both cases, metal removal in lift-off was accomplished by soaking the

sample in acetone to remove photoresist. Figure 67 shows an array of completed LEDs.
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Figure 68. IV curves shown for a device prior to annealing, after 2 minutes of annealing at 450

°C and after 2 additional minutes of annealing at 550 °C.

Devices were initially characterized with current-voltage (IV) characteristics to verify
diode-like electrical behavior. Devices were found to have forward voltages in the range 35 - 50
V and corresponding forward currents of 8 — 10 mA. In order to decrease the forward voltage
for the devices, thermal annealing was carried out to promote diffusion of the contact metals into
the doped regions of the structures. Reduction in the forward voltage was seen for those devices
annealed. Figure 68 illustrates the change in IV characteristics for a device annealed at 450 °C

for 2 minutes, then again at 550 °C for an additional 2 minutes.
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Figure 69. Light output versus current for a typical CdZnO/GaN LED.

Devices were also characterized with optical power output versus current (LI)
measurements. To allow for ease of setup, devices were mounted on TO-56 headers and
ultrasonically wire bonded with 1 mil (25 pm) gold wire using a Kulicke & Sofa 4524 AD wire
bonder. Light output was measured using an integrating sphere and a Newport 1835C optical
power meter. Figure 69 shows the LI curve for one device. In addition, optical images of

functional LEDs were taken. Figure 70 shows a functioning CdZnO/GaN LED.
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Figure 70. A functioning CdZnO/GaN LED emitting blue light.

Fully II-Oxide QW LED

In addition to the hybrid structures fabricated, fully ZnO-based devices were also
researched by the student. These devices exploit the limited doping of ZnO with Nitrogen. In
these structures, the n-type ZnO (gallium doped) is grown directly on a sapphire substrate with a
thickness of approximately 1 um. This is followed by multiple quantum wells (5 wells of 6 nm
each) consisting of unintentionally doped Cdy 12Zns3O. The p-type, nitrogen doped ZnO is then
grown to a thickness of 0.25 pm as the top (final) layer. Devices were fabricated from this
structure and, to the student’s knowledge, these devices represent the first ZnO/CdZnO, multiple

quantum well LEDs.
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Fabrication of the fully ZnO LEDs followed very much the same method as that
described above for the hybrid structures with a few important distinctions. First, in the case of
the fully ZnO structures, self-limiting wet etch could not be exploited because the buried n-type
region is also ZnO. Therefore, the etching had to be appropriately timed to reach the correct
depth for n-metal deposition without etching too deeply and reaching the highly insulating
sapphire substrate. This presented a challenge in the fabrication process. Exacerbating this
difficulty was the fact that the ZnO material in these structures etched much more quickly than it
did in the hybrid structures. Furthermore, the resulting etched surface was extremely rough
(~100 nm RMS roughness) and therefore it was difficult to assign an accurate etch depth for etch
rate assessment. Figure 71 shows an AFM image of the etched mesa; note the trench nearest to

the mesa is deeper than the surrounding etched region.
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Figure 71. AFM of a wet-etched ZnO LED mesa.
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In order to find an appropriate etch depth and time, therefore, a creative approach was
taken. A variable-time wet etch procedure was developed and implemented in which the sample
is slowly lowered in to the etching solution (< 1% HCI) at a constant speed and is then slowly
removed. In this manner, the etch depth is varied across the sample surface; the regions that are
exposed the longest are etched the deepest. The resulting fabricated samples are shown in Figure
72. After completion of the device fabrication the properties of the devices could be studied as a
function of etch depth and time.

Figure 72 also illustrates the other difference between the fully ZnO devices and the
hybrid ones. In the case of the fully ZnO LEDs, the device resistances were initially found to be
extremely high. In order to inject a reasonable current (10s of mA), therefore, a very high
voltage was necessary and the heat dissipation of the devices led to rapid device degradation. To
reduced the device resistance use of a transparent contact was investigated. Transparent contacts
are used in devices not only to improve electrical characteristic but also to promote better light
extraction (or gathering, in the case of detectors). Dramatic improvement in the current-voltage
(IV) characteristics is seen with the implementation of a 15 nm Ni transparent contact as shown

in Figure 73.
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Figure 72. Fabricated fully ZnO MQW LEDs. The left image clearly illustrates the results of the
variable-time etch rate procedure. The right image was taken of the same devices, but focused
on the back surface of the substrate through the transparent contact layers which cover the mesas.
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Figure 73. IV characteristics of fully ZnO LEDs with and without transparent contacts.

Successful proof-of-concept devices were realized both with and without transparent

contacts. While the latter category exhibit superior IV characteristics, there was an impact on the
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spectral properties of the light. The devices without a transparent emitted a clearly blue light,
though they had to be driven at very high currents to observe it. The devices with transparent
contacts produced visible light at lower currents, but the light appeared yellowish. This change
is not yet understood in a strictly fundamental sense, but it is attributed to the presence of the Ni
contact. In addition to the spectral change, the light emitted by the devices with transparent
contacts was more uniform across the LED mesa while that produced by devices without the
transparent contact was more isolated to the perimeters of the mesas indicating a current-
spreading deficiency. Figure 74 shows these device features for the two categories.
Unfortunately, the device brightness was so low and temporal (dying off quickly due to heat) that

reliable spectral measurements could not be made.

Figure 74. An operating fully ZnO LED without transparent contact (left, I=65 mA) and an
analogous device with a 15 nm transparent contact (right, I=35 mA).
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4. CONCLUSIONS

In this document, the growth, characterization and exploitation of wide bandgap oxide
semiconductors has been presented. The predominant focus was upon the two relatively novel
cubic oxides, NiMgO and ZnMgO. In both cases, films were grown by oxygen plasma-assisted
molecular beam epitaxy on lattice matched substrates, among others. The evolution of growth
parameters and techniques applied by the author eventually engendered high quality films
sufficient for device fabrication. The films were characterized by various techniques including
Rutherford Backscattering, X-Ray diffraction, atomic force microscopy and spectrophotometry.
Metal-semiconductor-metal devices were fabricated from both ternaries and both showed to
exhibit ultraviolet photoconductivity, as desired. The responsivities of the devices were
characterized and methods of improvement of growth quality were pursued with success.
Critically important, is the conclusion that both the two ternary compounds under study showed
applicability as deep-UV optoelectronic materials — an assertion which was the function
hypothesis of the whole endeavor.

Additionally, the characterization and exploitation of CdZnO was carried out with
significant findings. First, a thorough study of the refractive indices of the ternary compound
was carried out. In a collaborative effort, fully-ZnO based devices and hybrid structures were
grown by MBE, fabricated into devices and characterized electrically and optically. The first
instance of a n-ZnO/i-CdZnO/p-GaN MQW LED was demonstrated and functional novel fully-
ZnO p-i-n devices were also demonstrated.

In summary, a body of research is presented which provides strong evidence, in various ways,

the unique applicability of oxide compounds to wide bandgap optoelectronics.
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