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Abstract

DESIGN, FABRICATION AND CHARACTERIZATION OF THIN
FILM STRUCTURES THROUGH OXIDATION KINETICS

by

Juan Jose Diaz Leon

Materials science and engineering is devoted to the understanding of the physics and
chemistry of materials at the mesoscale and to applying that knowledge into real-life
applications. In this work, different oxide materials and different oxidation methods are
studied from a materials science point of view and for specific applications. First, the
deposition of complex metal oxides is explored for solar energy concentration. This
requires a number of multi-cation oxide structures such as thin-film dielectric barriers, low
loss waveguides or the use of continuously graded composition oxides for antireflection
coatings and light concentration. Then, oxidation via Joule heating is used for the self-
alignment of a selector on top of a memristor structure on a nanovia. Simulations are
used to explore the necessary voltage for the insulator-to-metal transition temperature of
NbO: using finite element analysis, followed by the fabrication and the characterization of
such a device. Finally, long-term copper oxidation at room temperature and pressure is
studied using optical techniques. Alternative characterization techniques are used to
confirm the growth rate and phase change, and an application of copper oxide as a
volatile conductive bridge is shown. All these examples show how the combination of
novel simulation, fabrication and characterization techniques can be used to understand
physical mechanisms and enable disruptive technologies in fields such as solar cells,

light emitting diodes, photodetectors or memory devices.
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1. Introduction

During my PhD at UC Santa Cruz, | have worked on different projects studying the
photonic, electronic and optoelectronic properties of materials. Fluctuation of funding
during my graduate years has allowed me to do research on different endeavors with a
common denominator: materials for photonics, electronics and optoelectronics. In this
thesis, | encompass my work related to oxidation kinetics, the study of different oxides
and their evolution when exposed to physical and/or chemical changes. Thermodynamics
of oxide and oxide structures have been largely studied, and supported with experimental
verification.1?2 The process of how these oxides evolve from phase to phase — oxidation
kinetics — was first studied by Cabrera and Mott3 but, to this day, they are still not fully
understood.>4>. The introduction of numerical simulations along with the ever increasing
computing power enables us today to study and predict oxidation kinetics, introducing a
better way to study these phenomena and compare it with experimental results.56
Furthermore, it is now being explored how to better use this phase evolution for device
design; examples include nonlinear I-V devices such as memristors or volatile conductive
bridges.®" In this work, we explore several different novel oxide compounds for an array
of applications.8-11, All this work has been published in journal publications and/or

presented in conferences — please refer to the references throughout the manuscript.

In Chapter 2, we explore how to use multi-cation oxides for solar energy applications.
This work was an ARPA-E funded project called “Sun to fibers” or S2F. The S2F project
consisted of a passive device that would enable the concentration of solar light coming
from a parabolic mirror into an optical fiber.1? This ambitious project was focused on the
design of an adaptive optical coupler (AOC) consisting of 5 different steps: (1) capturing
light from a parabolic mirror, (2) an antireflection coating to (3) couple light with minimal

loss into a (4) waveguide that would transport and (5) perform mode size conversion to



match the numerical aperture of an optical fiber, all with minimal loss. Steps (2) to (5)
required design of optical structures in the wave optics range and the fabrication and
characterization of optical materials that would present minimal loss for light coupling,
transport and mode size conversion. Continuously graded antireflection coatings were
developed with a refractive index starting at n=1.45 (silica, A= 633 nm) and going all the
way to n=2.3 using different profiles (linear or sine squared). Evanescent coupling was
used to couple incoming light from the top surface of a waveguide into a coupled mode.
Waveguides of different refractive indices (with n at the core varying from n~1.6 to n~2.1
at =633 nm) were deposited and characterized. Mode size conversion was designed
using OptiBPM showing how when the refractive index in all 3-axis was continuously
graded, conversion loss decreased drastically. Multiple research projects related to the

S2F project!®-12 with an emphasis on materials engineering are presented in this chapter.

In Chapter 3, a complex selector-memristor structure is built using oxidation kinetics.
Memristors, called the fourth two-terminal device, are passive electrical elements, able to
retain different resistive values without any power applied to them. First theorized by
Leon Chua in 197112 and demonstrated by Stanley Williams in HP Labs in 2008,14
memristors are meant to revolutionize computing, by enabling fast, low-power memory
storage and adaptive computational systems.”1®> The memristors fabricated by Williams*
are based on nanodevices where, depending on the voltage applied between their
electrodes, the stoichiometry is modified achieving high- or low- current when a positive
or negative voltage is applied. Once this stoichiometry is fixed, the resistive value is
retained without having to maintain a voltage between the electrodes and can simply be
probed indefinitely with a “read” voltage.* When multiple memristors are interconnected
in a crossbar array, selecting a particular memristor becomes challenging due to sneak-
path currents. 16-18 These sneak path currents are due to the linear I-V response of

traditional memristive structures. Selectors are highly nonlinear 1-V devices that can



mitigate sneak path currents, enabling the integration of memristors in a crossbar array.
However, the addition of yet another device in a crossbar array adds complexity to the
structure. In this project, niobium was deposited on a tantalum oxide memristor. Through
COMSOL simulations, it was envisioned that Joule heating (increasing the temperature of
a structure by flowing electrical current through it) could be used to build a niobium oxide
selector on top of an existing memristor structure without further fabrication steps. The
device was then fabricated and characterized, confirming the ability of electrothermal

heating and oxidation kinetics as drivers for the development of new devices.%1°

In Chapter 4, the oxidation of copper at room temperature and standard pressure in an
ambient environment is studied. Copper oxide is one of the most studied metal oxides.?°
It can be beneficial (copper oxide is used for solar cells, gas sensors or as a catalyst?1.22)
or problematic, hindering the conductivity of copper metal. At room temperature and
pressure, copper develops into two stable phases: Cu20 (cuprous oxide) and CuO
(cupric oxide). Interestingly, copper oxide growth is an ionic process, where copper
cations tunnel through oxygen vacancies to the surface of the existing oxide. Cabrera
and Mott® showed an inverse-logarithmic growth rate for copper oxide at room
temperature. Keeping track of oxide thickness and composition over time is complicated,
due to the thin nature of this oxide (<10 nm) and the slow growth it presents after the
initial thickness (months).823 In this work, we show how reflectometry-ellipsometry (RE)
can be used to measure growth rate and phase composition of copper oxide over time.8
RE is a simple optical technique that requires no vacuum and can be done over large
areas. Using RE, two different thin-film copper samples are analyzed over the course of
253 days. Results are confirmed with other standard thin film measurement techniques
such as x-ray photoelectron spectroscopy (XPS). Atomic force microscopy (AFM) and x-

ray diffraction (XRD) are also used to further investigate the interdependence between



initial copper roughness and crystalline grain size with growth rate and composition

(Cu20 and CuO content over time) of the resulting oxide layer.

Other work during my PhD but unrelated to oxide kinetics includes nanowires for
thermoelectrics,?* hierarchical antireflection coatings based on moth-eye structures,?®
subwavelength transparent conductive nanolattices for optoelectronics and corrosion

protection of astronomical mirror coatings.2%
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2. Multi-cation oxides for solar energy applications

In this chapter, different thin film structures will be shown for a common purpose, the
fabrication of a novel device for solar energy concentration, called the sun to fiber optical
coupler (S2F). First, an overview of the project will be given, followed by several

examples of multi-cation oxides fabricated and studied for this purpose.

2.1 Sun to Fibers (S2F): Massively Scalable Collection and
Transmission of Concentrated Solar Light for Efficient Energy
Conversion and Storage

2.1.1 Abstract

Concentrated solar energy has proven to be an efficient approach for both solar thermal
energy applications and photovoltaics. Here, we propose a passive optical device, the
Adiabatic Optical Coupler (AOC), that efficiently couples concentrated solar light from a
primary solar concentrator into an optical fiber, enabling light collection and energy
conversion/storage to be geographically separated, thus maximizing the overall system
efficiency. The AOC offers secondary concentration of concentrated solar light through
an adiabatic optical mode conversion process. Solar light, highly focused by this two
stage concentrator, is delivered by optical fiber to either be subsequently converted to
electricity or thermally stored. The ability to transport high energy light flux eliminates the
need for high temperature working fluids in solar-thermal systems. In order to design the
AOC and related peripherals, we used various modeling tools to cover different optical
regimes at macroscopic and microscopic scales. We demonstrated a set of optical thin
films with spatially varied refractive index up to 3 and negligible optical absorption by
using a proprietary sputtering technique to fabricate the AOC. We further studied the

films using experimental measurements and theoretical analysis to optimize their optical



properties. Preliminary cost analysis suggests that solar thermal power generation
systems that employ our S2F concept could offer the cost and efficiency required to
achieve the 2020 SunShot initiative levelized cost of electricity (LCOE) target. Success of
this endeavor could change the energy conversion paradigm, and allow massively

scalable concentrated solar energy utilization.

2.1.2 Introduction

Solar energy is a free and virtually endless power source. There have been many
different approaches to harnessing the sun’s energy and converting it into electricity, heat
or chemical fuel*2. The Sunshot Vision Study from 2012 envisions a reduction of 75% in
the price of solar technologies between 2010 and 2020 to be able to produce 14% of the

U.S. electricity demand by 2030 and 27% by 20503,

Photovoltaics (PV) — Figure 2-1a - is a mature technology, but several limitations have
made the renewable energies world look for different solutions, such as thermoelectrics
or concentrated solar power (CSP)2. CSP (Figure 2-1b) has been used since the early
1900's to generate steam, but not for electricity generation purposes in the United States
until the early 1980's*5. Nevertheless, CSP has proven to be efficient for utility-scale
sunlight collection, as we can see on the several different setups deployed both overseas

and in the U.S.A.

The price for PV has fallen dramatically since it was deployed. However, it cannot
accommodate for the grid peak use, nor provide energy when the sun is not shining,
unless intermediate electrical energy storage is designed at the electrical grid level.
Additionally, PV produces DC electricity, so it needs to be transformed to AC to be tied
into the grid. In contrast, CSP can provide energy for more hours per day due to its ability
to store energy as heat. However, most of the CSP systems are not scalable. Water

cooling is an issue, so dry or hybrid cooling must be enabled for this technology to



succeed. Furthermore, land area is another factor to take into account both in PV and

CsSP3.

Some other solutions have been implemented with little success. Stirling engines (Figure
2-1c), for example, can be mounted into a solar dish with great conversion efficiency.
However, this system is incompatible with thermal storage, and has a high cost, making it

a weak alternative to PV5.

e

a)

Figure 2-1. a) Photovoltaic cells, Arameh Solar b) PS10 solar thermal power plant, Abengoa c)
Stirling engine, Planta Solar de Almeria (PSA) d) Adiabatic Optical Coupler (AOC).

By splitting collection, transmission and conversion of optical light into three different
building blocks, we can then optimize all of them separately, increasing the overall
efficiency of the system. Here, we focus on the collection and secondary concentration of
concentrated sunlight from a parabolic mirror and the coupling of that light into an optical
fiber, for transmission to a final conversion or storage. If we were able to eliminate the

mismatch in etendue that exists between the light from a concentrating parabolic mirror



(high numerical aperture, NA) and the optical fiber (low NA), we would then be able to
efficiently transmit the light through an optical fiber, with no intermediate losses
associated with energy conversion, but only with the loss associated with the fiber
transport (Figure 2-1d). In other words, we would capture light and deliver light with high

energy at the end of the system while maintaining low working temperature.

Our approach for solar energy conversion is a device called the Adiabatic Optical Coupler
(AOC). The purpose of the AOC is to efficiently guide sunlight into an optical fiber, for use
away from the point of collection. If all the necessary conditions are met, the AOC will be
able to provide 90% efficient coupling of the incoming sunlight from a parabolic mirror into
a low NA optical fiber. The rest of the energy will be reflected back, lost due to mode size
conversion, scattered inside the thin film structure or absorbed by the films. For this, we
rely on the unigue deposition capabilities of binary and ternary metal oxides that have

continuous variation on the refractive index both axially and laterally.

2.1.3 The adiabatic optical coupler (AOC)

Figure 2-2. Five-step coupling in the AOC.

The design of the AOC is based on five different steps that are covered in this section: 1)

Light coming from a parabolic mirror is captured into 2) a broadband, wide angle
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antireflection coating, which will then carry the incoming concentrated light to 3) couple it
to a waveguide, which will 4) transport the light along the film to finally 5) perform mode
size conversion (MSC) of the incoming concentrated light, and deliver it to the optical

fiber with minimum loss. Figure 2-2 shows a schematic of the system.

2.1.3.1 Efficient capture of broadband, wide angle light from a parabolic mirror

The first step of the AOC is to capture the concentrated light from the parabolic mirror
efficiently. Consequently, a so-called “dog house” was designed, composed of a
waveguide structure with an antireflective coating that will utilize all the light, and two
mirrors in a triangular fashion on top to help direct all the rays into the waveguide. A 3D

model is shown in Figure 2-3a.

The distribution of the angles impinging the waveguide is a matter of special importance
to maximize the efficiency of the coupler. SolTrace® was used to calculate the spatial
distribution flux of light in the structure. Figure 2-3b shows the normalized angular
distribution of the angles hitting the waveguide including multiple reflections within the
system. Over 90% of the incoming rays are in the 0-70 degree range (from the normal).
Figure 2-3c represents the absorbed flux intensity of the internal faces of the mirrors and
the waveguide surface of the AOC. These results imply that 0-70 degree angle with high
flux intensity will hit the waveguide surface - the antireflective coating - to be
subsequently coupled into the waveguide. An antireflective coating that maximizes this

range is described next.
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Figure 2-3. Step 1 — Capture sunlight from the parabolic mirror. a) AOC 3D model b) Normalized
angular distribution from normal after one bounce c) Flux intensity of the internal faces of the
waveguide and mirrors inside the AOC.

2.1.3.2 Antireflective coating (ARC)

In order to accommodate for variable-angle and a wide range of wavelengths impinging
the AOC from the concentrator mirror, it was necessary to design an antireflective coating
to get most of the incident light into the waveguide. Graded index antireflective coatings
have been studied for a long time?-?, but achieving a deposition technique with enough
uniformity and resolution has been a major obstacle preventing their implementation.
Sputtering, used with conditions that will be discussed later, has the ability to deposit a

continuously graded index profile with a wide refractive range and low optical attenuation.

Graded index theory requires complex computer-aided solvers, because of the special
boundary conditions that arise in these films. The Transfer Matrix Method (TMM) is a
good approach for 1D graded index systems’. Simulation of a sine to the fourth profile
with a refractive index starting at 1.38 and going up to 2, to match the substrate, was

performed using TMM. Figure 2-4a shows the refractive index profile of the structure.
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Figure 2-4b shows the very low reflectivity for 400-1200 nm light in the 0-60 degree angle

range.
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Figure 2-4. Step 2 — Antireflective coating. a) ARC going from 1.38 to 2 from air, b) Reflectivity over
angle of incidence for this given setup.

2.1.3.3 ARC to waveguide coupling

Light coming from an ARC deposited on a waveguide needs to be coupled into the bound
modes of the waveguide. To do this, an intermediate step is required to avoid light from
coming back out from the ARC. Evanescent coupling is an example of one of such
technigues?? (Figure 2-5). Evanescent coupling uses a high refractive index material,
separated from the lower-index waveguide by a sub-wavelength spacing layer. When
phase-matching conditions are met between the evanescent mode of light inside the
high-index material and the propagation vector of the allowed waveguide mode, light

couples into the waveguide.

Figure 2-5a is a COMSOL simulation of evanescent prism coupling at a wavelength of
500 nm. A 45 degree high index prism (n=2.6) is used to couple light impinging the lateral
facet, as shown in the figure, into the asymmetric slab waveguide underneath (n=2.2). Air
(n=1) is used as the upper medium while glass (n=1.52) is used as the substrate
material. An optional 100 nm index matching fluid (n=1.5) is used in between the prism

and the waveguide to improve evanescent coupling efficiency. On Figure 2-5b a real
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evanescent prism coupling setup is shown using a titanium dioxide rutile prism (n=2.67)
coupling green laser light (=532 nm) into an aluminum oxide (n=1.66) waveguide on a
fused silica substrate (n=1.52). Light internally reflecting from the prism-film interface

creates an evanescent wave, which couples into the waveguide, traveling all the way to

the edge.

Figure 2-5. Step 3 —a) COMSOL simulation of evanescent prism coupling b) Evanescent coupling
setup

2.1.3.4 Waveguide transmission of concentrated light

Once the light is coupled in the waveguide, it needs to propagate laterally. A material with
high refractive index is necessary to increase optical confinement, but also needs to
retain low optical attenuation (minimum absorption and scattering) to minimize loss.
Compounding the complexity, these properties may vary as a function of the wavelengths
under consideration (400-1000 nm). We have developed several metal oxide films with a
refractive index close to 2 and we are aiming to achieve optical absorption in the k =
10~7 — 1078 range over the entire solar spectrum. That would mean 1 — 0.1 dB/cm of
absorptance, respectively, according to the Beer-Lambert law. We have deposited such
low loss films (measured vertically with ellipsometry), and are now designing a lateral in-
film loss measurement setup that will directly show optical attenuation as light propagates

through the film. We have deposited several films with different refractive indices and
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thicknesses, and measured the number of modes that are accommodated for every
wavelength. Figure 2-6a is a simulation of a waveguide with n = 2.1, using air above and
thermal silicon oxide below as low index mediums. As the thickness increases, more
modes can be fit for a given waveguide. In the figure, a thickness of 1.81 um is marked
using a black marker. That combination of refractive index and thickness would fit
approximately 10 transverse electric (TE) modes. Figure 2-6b is a study using
evanescent prism coupling of a similar structure deposited using pulsed DC magnetron
sputtering with RF substrate bias. Every local minimum in the graph represents a mode
coupled into the waveguide. There are 10 minimums as well, at different angles, as
expected by the mode simulation calculation. The wavelength was 532 nm in both cases.
The width of this waveguide will slowly taper to quasi-adiabatically concentrate the light
down to the optical fiber width. In the last section of the AOC, the refractive index also
changes spatially (in all x, y and z axes) enabling more adiabatic concentration as

compared to just tapering the width physically.
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Figure 2-6. Step 4 — Waveguide transmission. a) TE modes propagating along a waveguide made
of hafnia (n=2.1) for a given thickness. The marker is at 1.81 um. Upper cladding is air (n~1), lower
cladding is thermal oxide (n=1.44) b) Prism coupling characterization of the mode structure of the
same waveguide structure. Wavelength is 532 nm at both cases

2.1.3.5 Mode size conversion and optical fiber coupling

The light available in the waveguide must change dimensions from the aperture (several

tens of centimeters) down to 300 um, the expected diameter of the optical fiber (Figure 2-
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7a). This mode size conversion can be done in different ways!'-13. The last section of the
AOC will have the refractive index changing in all directions. OptiBPM was used to
design and simulate the waveguide transmission and mode conversion section (Figure 2-
7b). Table 2-1 is a comparison between different refractive index profiles in the mode
conversion section (Figure 2-7b). The refractive index was changed from n=1.46 (at the
center of the structure in x and y) to n=1.443 (at the edges). The efficiency was
calculated measuring the power at the output of the mode conversion section every 100
nm for single modes in the 400-1000 nm range. 3 scenarios are shown in Table 2-1: In
scenario 1, the refractive index is kept constant at n=1.46 along the structure, and the
coupling efficiency is only 8%. In scenario 2, the refractive index is changed linearly along
x from n=1.46 down to n=1.443 at the edge. The refractive index in the y axis is kept
constant with thickness. Here, the efficiency went up to 50%. In scenario 3, the refractive
index is graded linearly both in the x and y axis, with the maximum at the center of the
structure, down to n=1.43 at the edges. The efficiency increased to an average of 96%
for wavelengths between 400 and 1000 nm. Preliminary results show that changing the
refractive index along x and y axes vary the efficiency of the coupler dramatically,
indicating that more efficient concentration can be achieved if the refractive index is
changed along x and y. The z axis indicates propagation direction and there is no
variation of refractive index along z in this study. It is hypothesized that a graded
refractive index will improve conversion efficiency by reducing reflections due to sharp
refractive index changes at the edge of the structure, and by allowing the light to be

focused at the center of the waveguide structure.
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Figure 2-7. Step 5 — Schematic of the mode size conversion section. a)Top view of the waveguide
structure in the AOC b) 3D model of the section circled in red in a).

Table 2-1. Comparison of different efficiencies for single modes between 400-1000 nm in the mode
conversion section when the refractive index changes linearly.

Scenario Graded index in | Graded index in Efficiency
X y (400-1000 nm)
1 No No 8%
2 Linear No 50%
3 Linear Linear 96%

2.1.3.6 Cost analysis

Coupler cost was estimated to be $1,500 each for a 25kW capable coupler with an
admission aperture of 20cm diameter, necessary to intercept 95% of the rays of a 25 m?
parabolic tracking dish with a 2 mrad slope error surface. More than half the cost for
couplers is due to fabrication with fused silica substrates. The cost of a smaller S2FC for
a smaller diameter mirror is estimated to be proportional to the entrance aperture in ration
to the 25kW case. Performance of the films for the AR and waveguide coating were
estimated to have a loss of up to -1 dB, however much or most of this loss is estimated to
be optical. This would allow glass or perhaps plastic substrate to be used, leading to
lower device direct cost. Fig 8 shows a comparison between a power tower system and
the S2F coupler for a 115 MW solar power plant using the NREL Service Advisory Model

(SAM)4,
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Figure 2-8. Cost analysis of an S2F solar plant compared to a power tower performed with the
System Advisor Model (SAM)

2.1.4 Pulsed DC reactive magnetron sputtering with substrate bias

It has been previously shown that amorphous materials are suitable for optical
applications?®. We are able to deposit dense, amorphous, low absorption and low
scattering metal oxide alloys with tunable refractive index: the enabling technology for
this is a pulsed DC reactive magnetron sputtering system with RF substrate bias. By
controlling the power applied to the different sputtering materials, we can reactively co-
sputter multiple targets at the same time, to grow binary or ternary oxides or fluorides.
This setup gives us fine control of the refractive index in a wide range, starting at values
as low as n=1.38 (magnesium fluoride) and going up to titanium oxide (n=2.9 at 532 nm),

all the while keeping the optical attenuation (k) below 10-.

Metal oxides deposited by reactive sputtering tend to yield a columnar microstructure,
increasing its optical attenuation. However, by using ion-assisted techniques, fully
amorphous films can be grown. We applied a pulsed DC bias across metallic targets,
depositing oxides. Simultaneously, an RF bias was applied across the substrate,

densifying the films, eliminating the columnar morphology, and increasing the overall
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optical qualities of the film. Figure 9a is a picture of the sputtering system we use to
deposit low k waveguides. In figure 9b, Transmission Electron Microscopy (TEM) images
of a titanium hafnium oxide alloy (TiHfxOy) are shown with and without substrate bias.
There is a clear difference in the nanostructure of the films when using RF bias on the
substrate. Figure 9c shows the refractive index of different aluminum titanium oxide alloys
in the 230-930 nm range. The refractive index is raised by increasing the ratio of titanium
cations present in the films. Therefore, by varying the power applied to the targets during

deposition, it is possible to create continuously graded index profiles, useful for

\ E
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applications such as antireflective coatings?®.

Figure 2-9. a) Sputtering system available at Tango Systems b) TEM images of titanium hafnium
oxide with and without bias c) Dispersion data of the refractive index of different aluminum titanium
oxide alloys with different cation atomic ratios.

2.1.5 Conclusions

The Adiabatic Optical Coupler (AOC) was designed to achieve secondary concentration
of concentrated sunlight into an optical fiber. Modeling shows that it is feasible to achieve
90% efficiency. Cost analysis suggests that the LCOE could be less than a power tower
in a solar thermal setup. Metal oxide films with tunable index and low optical attenuation

have been deposited, creating continuously graded refractive index profiles and low loss
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waveguides. All 5 steps of the AOC have been studied. However, the construction of the
device and the synergy of these 5 working parts must be put together in a real device.
Completion of this project could change the solar energy conversion paradigm and also

enable new technologies such as daylighting or solid state lighting.
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2.2 Transparent, high refractive index oxides: Control of the
nanostructure of titanium hafnium oxide alloys by variation of
the ion energy during reactive magnetron sputtering
deposition

2.2.1 Abstract

A range of optical and optoelectronic applications would benefit from high refractive index
(n), dense and transparent films that guide, concentrate and couple light. However,
materials with high n usually have a high optical extinction coefficient (k) which keeps
these materials from being suitable for optical components that require long optical paths.
We studied titanium hafnium oxide alloy films to obtain high refractive index (n>2) with
minimum optical extinction coefficients (kx < 10~°) over the visible and near IR spectrum
(380-930 nm). Titanium hafnium oxide alloys were deposited using pulsed DC reactive
magnetron sputtering with and without RF substrate bias on silicon dioxide. For a given
deposition condition intended for a specific titanium/hafnium molar fraction ratio, the ion
energy of deposition species was explicitly controlled by varying the RF substrate bias.
Spectroscopic ellipsometry, transmission electron microscopy, energy dispersive x-ray
spectroscopy and atomic force microscopy were used to characterize the films. It
appears that applying RF substrate bias reduces the nanocrystalline size, changes the
surface morphology and increases the refractive index while maintaining comparable
titanium/hafnium cation molar fraction. Precise control of the nanostructure of ternary

metal oxides can alter their macroscopic properties, resulting in improved optical films.

2.2.2 Introduction

The addition of cations to binary oxides to form ternary and quaternary metal oxides
provides flexibility in designing material properties, providing opportunities to optimize

material properties exclusive to each other in binaries such as transparency, electrical
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conductivity or corrosion resistance 1719, A large library of ternary metal oxides has been
studied for different applications. For example, aluminum zinc oxide (AZO) and indium tin
oxide (ITO) are used as transparent conductive oxides 1720, Aluminum titanium oxide
films have been studied as novel transparent corrosion barriers 8. Titanium hafnium
oxide alloys have been studied as gate insulators due to their high dielectric constant, low
leakage current and good thermal stability 22-24. Titanium hafnium oxide alloys are also
interesting because of their large bandgap and low absorption in the visible spectrum 25,
In our previous study, we compared a number of titanium hafnium oxide alloys with
different cation molar fractions 2. In this paper, we focus on a single cation molar
fraction, and study the dependence of microscturcture and optical properties of films on

the ion energy controlled by RF substrate bias during sputtering.

High quality optical films require stringent control on their optical and mechanical
properties, such as hardness, flexibility, high refractive index and low optical absorption?s.
Optical films with high index (n) and low extinction coefficient (k) could enable a number
of new technologies in such applications as optical concentration and transmission of
sunlight. High index optical waveguides could be then created to transport light with
minimum loss and increase the number of guided modes for a given thickness and
cladding materials. Moreover, by continuously changing the composition of a film, graded
refractive index coatings could be deposited to maximize in- and out-coupling of optical
devices by minimizing the reflection produced by refractive index mismatch present
between the active layer and the surrounding layers, such as the anode or the glass

substrate.

Selection and control of a film deposition process has proven to be critical in order to
create high quality optical films. A number of chemical and physical vapor deposition
techniques have been explored; for instance, studies using ion beam assisted deposition

(IBAD) and plasma-enhanced chemical vapor deposition (PECVD) suggested that using

22



high ion-to-neutral-flux ratio and controlling the ion energy are critical for optical films 1516,
Hence, it is necessary to use a deposition technique that not only provides a high ion-to-
neutral flux ratio at the substrate surface but also controls the energy of the ions
impinging the substrate. A physical vapor deposition technique (PVD), reactive
sputtering, was used. A pulsed DC power supply and a scanning magnetron were used
to increase ion-to-neutral flux ratio and an additional RF power supply was used in the

substrate to control the ion energy, resulting in high quality optical films.

2.2.3 Experiment

In this study, we used a pulsed DC magnetron sputtering system to reactively deposit
titanium hafnium oxide films with high ion-to-neutral ratio. A schematic of the setup is
shown in Figure 2-10. By using a pulsed DC power supply at the target, it is possible to
deposit dielectric materials. Moreover, when the pulse is reversed there are a higher
number of ions present in the plasma, increasing the ion-to-neutral ratio. In order to
control the ion energy at the surface of the film, we used electrical potential (RF substrate
bias) provided by an RF power supply connected to the substrate. The RF bias creates a
localized glow discharge in the vicinity of the film surface, increasing the ion energy by
creating a “self-bias”. By varying the RF substrate bias, it is possible to control the ion
energy2-2°, Two sputtering targets were used in the deposition of titanium hafnium oxide
films: 3N hafnium and 3N titanium. Two power-regulated pulsed DC power supplies were
used to apply 1.5 kW and 2 kW to the hafnium and titanium targets, respectively. A
unipolar DC pulse was supplied to the targets at a frequency of 150 kHz with a 57% duty
factor. A scanning magnetron was applied to each of the targets. Reactive sputtering in
fully oxidized mode was done with a mixture of ultra high purity (UHP) argon and oxygen
at a deposition pressure of approximately 0.67 Pa. Two titanium hafnium oxide (THO)
samples were made with and without the RF substrate bias that provided RF power of

500 W (13.56 MHz), referred to as THO-B and THO-U, respectively. 200 mm diameter
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silicon (100) wafers covered with a 500 nm of thermal silicon dioxide film were used as
substrates for 6000 s long depositions at a revolution speed of 10 revolutions per minute.
In both THO-B and THO-U, the analysis was done on a 2 cm? piece cleaved from the
center of each of the two wafers to minimize variations in thickness and composition

uniformity.

Scanning
magnetron
S
supply

Reactive
plasma

| Substrate o

>
Deposition i

chamber — >
Impedance

matching

RF power supply

Figure 2-10. Schematic of the pulsed DC magnetron sputtering system with RF substrate bias used
for the deposition of titanium hafnium oxide films.

Transmission electron microscopy (TEM, Hitachi H9500), atomic force microscopy (AFM,
Veeco Dimension 3000), energy dispersive x-ray spectroscopy (EDS, Oxford INCA) and
spectroscopic ellipsometry-reflectometry in the 380-930 nm range (Scientific Computing
International FilmTek 2000 PAR-SE) were used to analyze the nanostructure, surface
roughness, chemical composition and refractive index of the titanium hafnium oxide films.

We will refer to the biased/unbiased samples as “THO-B” or “THO-U", respectively.

2.2.4 Discussion

THO-B and THO-U were studied to compare their microstructures, surface roughness,
chemical composition and refractive index. Table 2-2 lists the cation molar fraction
obtained based on the EDS analysis, the pulsed-DC power applied to the targets, the
power on the RF substrate bias, and the nominal thickness of THO-B and THO-U The

thickness was cross-checked by both ellipsometry and by TEM.
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Table 2-2. Sample description

sample ID Composition | Power Ti | Power Hf | Power RF bias | Thickness
p (molar frac.) (kw) (kw) (W) (nm)
THO'U Ti0.4HfO,60y 2 1.5 0 250

2.2.4.1 Film nanostructure

Figure 2-12 shows TEM images of a cross section of the films. THO-B (Figure 2-11a)

appears to contain granular features much smaller (diameter 1-2nm) than those

(diameter 5-10nm) seen in THO-U (Figure 2-11b), suggesting that applying the RF

substrate bias (increasing the ion energy at the substrate surface), reduced the grain

size. The small size (less than 10 nm) of the granular features in both films would make

these films appear to be amorphous under when studied by conventional x-ray diffraction

(XRD). A further study needs to be done, for instance, with high-resolution TEM in

conjunction with electron-energy loss spectroscopy to reveal detailed structural

characteristics of these two films.
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Figure 2-11. Transmission Electron Microscopy (TEM) image of titanium hafnium oxide a) with and
b) without RF substrate bias.

2.2.4.2 Surface roughness and grain size

Figure 2-12 shows 3D profiles of 1um? AFM scans: a) THO-B and b) THO-U. The both
surfaces have comparable RMS roughness of minimal 0.22 nm for THO-B and 0.29 nm
for THO-U. The two AFM images show features following the same trend that the
granular features in Figure 2-11; average size of granular features (i.e grain size) seen in
Figure 12(a) and (b) were extracted by Gwyddion software3° that statistically provides
average grain size (i.e. average diameter of grains). Grain size of 24 + 3 nm and 45 +

6 nm were obtained for THO-B (Figure 2-12a) and for THO-U (Figure 2-12b),
respectively. The smaller size obtained for THO-B suggests that the extra kinetic energy,
provided to the adatoms via ion bombardment, would enhance adatom migration (i.e.

adatoms on THO-B have greater surface mobility), as suggested by Martin®> and Ebert3.
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Figure 2-12. Atomic Force Microscopy (AFM) analysis shows smaller grain size on THO-B (a) than
on THO-U (b). The scan size is 1um?.

2.2.4.3 Chemical composition and refractive index

EDS and spectroscopic ellipsometry-reflectometry were used to obtain chemical
composition and refractive index of the films. As shown in Figure 2-13a) careful
calibration intended to obtain THO-B and THO-U with comparable chemical composition
ensured that the two films have comparable chemical composition: both samples have
similar cation molar fraction. (1) is THO-B and (2) THO-U. The K,; peak of titanium and
the L, peak of hafnium are present at 4.51 keV and 7.89 keV, respectively. The
application of a standard shows that the cation molar fraction is 0.6 Ti — 0.4 Hf for both
samples, as stated in Table 2-2. The oxygen cannot be retrieved from EDS due to the

low energy at which the oxygen K,, peak is present.

Dispersion graphs for a wavelength range 380-930 nm are shown in Figure 2-13b),
where (1) and (2) represent the refractive indices of THO-B and THO-U, respectively. For
a given cation molar fraction of titanium/hafnium, the refractive index is higher for THO-B
than for THO-U. There are a number of plausible explanations for our observations: (i)
films with higher density show higher refractive index32. THO-B deposited with RF
substrate bias would have density higher than that of THO-U, (ii) size of internal
structures (e.g. grain size) existing in films influences refractive index. This would suggest
a dependence of refractive index on grain size (1-10nm) much smaller than the

wavelengths (~930nm) used in our study. Moreover, grain boundaries present in THO-U
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could increase the spatial fraction of voids and reduce the refractive index, (iii) oxygen-to-
cation ratio: cation-rich films would present refractive index higher than that of oxygen-
rich films; however, the optical absorption for cation-rich films is expected to be higher,
too. In both samples, the extinction coefficient x was below the detection limit ~107°. A
lateral loss measurement setup is currently being set up to obtain k much smaller than

105, which will give us more insights.
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Figure 2-13. The samples have similar chemical composition; however, the sample with substrate
bias has refractive index higher than that of the sample without bias. a) Energy Dispersive x-ray
Spectroscopy (EDS) analysis. b) Refractive index coefficient n dispersion graph. Samples are:
Ti0.6Hf0.40 y (1) with and (2) without RF substrate bias.

2.2.5 Conclusions

Titanium hafnium oxide alloys were deposited using pulsed DC reactive magnetron
sputtering with and without RF substrate bias as high refractive index materials. It is
demonstrated that, for a given cation molar fraction, by applying RF substrate bias, both
the nanocrystalline grain present in the film cross-section and the granular size at the
surface were reduced. The refractive index was higher in the sample with substrate bias
in the visible spectrum. Control of the nanostructure and macroscopic properties of

ternary metal oxides would improve the efficiency of optical and optoelectronic devices.
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Further crystallinity and extinction coefficient studies are necessary to fully assess the

relationship between the deposition conditions and the optical properties of the films.
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2.3 Aluminum titanium oxide alloys: deposition of amorphous,
transparent, corrosion-resistant films by pulsed DC reactive
magnetron sputtering with RF substrate bias

2.3.1 Abstract

Optically transparent and mechanically flexible encapsulation films are desirable for
advanced optoelectronic devices. Among many variations of encapsulation, ternary metal
oxide films present good optical and mechanical properties. In this study, aluminum
titanium oxide (Al1xTixOy) films were deposited with a range of Ti/(Ti+Al) molar fractions
(x) using pulsed DC magnetron sputtering with RF substrate bias. Subsequently, the
films were subjected to an Accelerated Weathering Environment (AWE) test at 220 °C,
1.6 atm and ~100% R.H. for 3 hours. Optical, chemical, and morphological analysis
revealed that there exists a range of Ti/(Ti+Al) molar fraction (x=0.4-0.7) where films
withstood the test, maintaining their optical, chemical, and morphological integrities. The
study suggests that encapsulation films with continuously and spatially varying refractive
index can be available by varying x within this range, forming encapsulation with

broadband, wide angle antireflective coatings.

Keywords: amorphous materials, optical properties, reactive sputtering, aluminum

titanium oxide, barrier, refractive index

2.3.2 Introduction

In recent years, a wide range of metal oxide thin films have been investigated for
developing advanced electronics. For instance, various binary metal oxide thin films such
as HfO2, Al20s, TiO2 and also ternary alloys including HfSiOs4, HFfTIAIO or TiAIO have
been extensively studied in search of the next generation gate insulator in metal-

insulator-semiconductor field effect transistors (MISFETs)33-%6, Additionally, metal oxide
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thin films are used in many optoelectronic devices such as light emitting diodes (LEDs),
laser diodes, photodetectors and solar cells®-4. In these optoelectronic devices, the
optical properties of the metal oxide films are as important as their electrical properties,
since overall device performance is governed by efficient in- or out- coupling of light
through the films. Furthermore, optoelectronic devices often require robust encapsulation
to prevent moisture from entering and degrading the devices. Therefore, ideal metal
oxide thin films are those whose optical properties can be reproducibly controlled by
manufacturing methods and that exhibit strong structural and chemical durability upon

exposure to harsh environment.

Transparent and mechanically flexible moisture/oxygen barriers have been long studied
for use in organic LEDs and displays, as well as for food packaging and medical
applications. Dielectric films such as metal oxides are practical materials for moisture
barriers because of their transparency to visible light and low permeation by a wide range
of gases*!; notably, bulk metal oxides are entirely permeation free for oxygen. However,
when metal oxides are deposited as thin films, they allow oxygen to permeate with a rate
that is dependent on both the thickness of the film, and the type and volume density of
structural defects. These films can have defects with a wide range of sizes; macro-
defects (>1 nm), nano-defects (0.3-1nm) and lattice interstitials (<0.3 nm)*2. The size of
these defects determines how readily gas molecules permeate the film. For example,
while gas molecules permeating through macro-defects are least inhibited, those
permeating through lattice interstitials are highly hindered. The percolation-like
dependence of gas permeation on thickness supports the fact that oxygen and water
molecules permeate a film through these defects#14344, Similarly, in multilayer structures,
the gas penetration into the film seems to be predominantly driven by the number of
defects in any given film volume, even for large thicknesses*145. This defect-driven

permeation operates for both polar water molecules and non-polar oxygen molecules,
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despite these molecules’ having different diffusion mechanisms42:46.47,

Permeation of oxygen and water molecules can accelerate film degradation, as it allows
these contaminants to bond to and damage not only the film surface but also the interior
of the film. Defects and grain boundaries present inside of poly-crystalline films, for
instance, act as conducting channels for the contaminants, resulting in degradation
initiated inside of the films. In contrast, unique characteristics of amorphous thin films,
with the absence of these defects, are thought to be beneficial for reducing the

permeation“,

Amorphous materials have the advantage of being without grain boundaries and well-
defined crystal structures, which gives them, in general, a greater mechanical hardness
and durability!”4%. Amorphous materials have a number of advantages over their poly-
crystalline counterparts; their larger bandgap makes them more optically transparent??,
and, when their chemical bonds are all saturated, their high covalency provides a
resistance to corrosion”%0, Moreover, the absence of grain boundaries reduces the
diffusion of permeating molecules that would occur along them, minimizing chemical and
physical interactions with environmental gas molecules*. Additionally, from a practical
point of view, amorphous materials, in general, allow more scalable and less stringent

deposition processes to be implemented?’.

Various metal oxide thin films have been studied to develop robust moisture barriers for
optoelectronics. Amorphous aluminum oxide, for instance, is transparent, chemically
inert, and has a large band gap (8.7 eV for bulk y-Al203).5! Another example, titanium
oxide, presents high corrosion resistance and good substrate adhesion; however, its
strong tendency towards crystallization makes its surface very reactive and susceptible to
permeation and corrosion#546:52, |eading to its low density and low mechanical strength
and durability*650,  Diverse Chemical Vapor Deposition (CVD) techniques, such as

Plasma Enhanced (PECVD) and Atomic Layer Deposition (ALD), as well as various
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Physical Vapor Deposition (PVD) techniques, such as sputtering and e-beam
evaporation, have been used to deposit amorphous oxide and nitride films; however,
these films have not been able to achieve the industry-standard moisture and oxygen
permeation rate requirements*®:53, Multilayer organic/inorganic barrier coatings have
proven to fulfill these requirements by increasing the path length of the defects, rather
than reducing the number of defects. Nevertheless, the manufacturing cost is relatively

high, due partly to their complex fabrication processes?*446.53,

It has been shown that ternary oxides (A1xBxOy) have several advantages over binary
oxides (AOy). Mixing two different cations can provide higher crystallization temperature
and a very smooth surfacel’, good phase stabilization, high mechanical strength and
flexible tunability of optical properties®. The cation molar fraction (i.e., x in A1.xBxOy) can
be continuously varied within a film to obtain a spatially varying refractive index, which
benefits the overall performance of a film as an antireflective coating and as a moisture

barrier.

According to Musil et. al®4, the energy delivered to the film by bombarding ions Ej;, with

both charged (¢;) and neutral (¢,,) fluxes can be defined as:
~ ¢i _ Usis
Ep = E; b ap (€Y

Where E; is the ion energy, ;% is the ion-to-neutral flux ratio, U; is the substrate bias, i is
the substrate ion current density and a,, is the film deposition rate. Increasing the ion
current density (ion-to-neutral ratio %) results in an increase in refractive index and a
decrease in optical absorption of dielectric films.283! |t was shown that there is a range of
the ratio % where the formation of columnar morphology is suppressed and the adatom

n

mobility is enhanced, increasing the density of the films at low ion energies E;?8. There is

a range of ion energies where film density is maximized, and the columnar growth that is

33



normally promoted with sputtering can be suppressed, turning the films amorphous??-3L.
The suppression of columnar morphology depends also strongly on ap: a high deposition
rate will also create columnar growth 34, Moreover, excessively high ion flux was found to

increase grain size and surface roughness in films, which promotes optical scattering.

Pulsed DC magnetron sputtering has proved to increase the ion flux ¢;, achieving higher
current densities than those obtained in ordinary DC sputtering. Moreover, deposition of
dielectrics can be performed by pulsed DC magnetron sputtering. By using RF substrate
bias, an additional discharge is generated close to the substrate 2°, increasing the ion
bombardment effect and the energy of surface atoms, resulting also in enhanced surface

diffusion.

Electrical properties of Ali.xTixOy deposited by PVD have been studied3+3%55; however,
optical properties have not been extensively assessed. Moreover, it has been shown that
ion-bombardment during deposition improves optical and mechanical properties of
sputtered films1é, In this paper, optically tunable aluminum titanium oxide films (Al1.xTixOy)
are demonstrated by pulsed DC reactive magnetron sputtering with RF substrate bias,
and have been shown to be an effective material for corrosion resistant transparent thin

films.

2.3.3 Experiment

Al1xTixOy films with varying Ti/(Ti+Al) molar fraction x were deposited using a pulsed DC
reactive magnetron sputtering system with RF substrate bias. Two sputtering targets
used in the deposition: 3N aluminum and 3N titanium. The target surface area was
877cm?. The chamber volume was 107 I. The target-to-substrate distance was 50 mm.
The DC pulse was supplied at a frequency of 150 kHz with a reverse time of 2.9 us (57%
duty factor). The reactive sputtering was done with a mixture of Ultra High Purity (UHP)

argon and oxygen supplied at flow rates of 20 and 40 sccm, respectively, at a deposition
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pressure of approximately 0.67 Pa. The power applied to the two targets ranged from 0 to
4 kW, depending on the desirable x. The RF substrate power was 500 W RF (13.56 MHz)
for all samples. Both power supplies were used in power regulation mode. The sputtering
power ratio referred to in this paper as R, is defined as:

Pr;

R=—T_
Pri+ Py

(2)

where Pri and Pa are the power supplied to the titanium and aluminum targets,
respectively. Four films with different x were prepared with four different R (R =0, 0.5,
0.75, 0.85) onto 200 mm diameter silicon (100) wafers. The deposition time was 3000 s
for all the samples, resulting in a thickness of approximately 100 - 110 nm for all the

samples.

To qualitatively assess the samples’ ability to withstand gas permeation, an accelerated
weathering environment (AWE) test was conducted by subjecting the samples to a high
pressure (170 kPa), high temperature (220°C), and high humidity (~100%) environment

for a duration of three hours. Tap water was used as the weathering agent.

The samples were analyzed before and after the AWE test by various techniques that
were complementary to each other. The analysis was conducted with a visible-light
microscope (VLM), a scanning electron microscope (SEM) equipped with Energy
Dispersive x-ray Spectroscopy (EDS), and with spectroscopic ellipsometry-reflectometry
(Scientific Computing International FilmTek 2000 PAR-SE). A 2 cm?sample was cut from
the center of each of the wafers covered with the films. A 9-point thickness and refractive
index uniformity test was done in the central part with 100 mm diameter of the wafers,
showing 3% uniformity in thickness and 1.4% uniformity in refractive index, which can be
approximately translated to 0.4% and 0.2% variations in thickness and refractive index

across 2 cm? samples, ensuring that, within a 2 cm? sample, analyses (i.e.
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reflectometry/ellipsometry and SEM/EDS) made at any point within a 2 cm? sample are

acceptable for comparison. The samples were cleaved for cross-sectional SEM.

For simplicity, we refer to the samples before the AWE test as “AlTi-x” with x being the
Ti/(Ti+Al) molar fraction, and the corresponding samples after the test are referred to as

“AlTi-x AWE”.

2.3.4 Results

Table 2-3 shows the four samples under study. The chemical composition of each
sample was calculated based on the EDS results before and after the AWE. The “Power
AlI+Ti” column indicates the individual power applied to the two sputtering targets, and the
sputtering power ratio R ,as defined in Eqg. (1), is also given for each sample. The last
column, “AWE test”, states whether the samples passed or failed the AWE test, judged

both by visual and optical assessments.

Table 2-3. Sample name, growth conditions and results for the Accelerated Weathering
Environment (AWE) test for the four samples under study. The main variation was the power
applied to each of the targets during the sputtering process.

Sampe 1, P Composion Power | Pover | e s
AlTi-0 Alo, Alo, 340 0 FAILED
AITi-0.4 | AlyeTiy,0, | AlycTig,O0, 3+3 0.5 PASSED
AITi-0.7 | Aly,Tiy,0, | Aly,Tig,0, 143 0.75 PASSED
AITi-0.8 | Aly,Tig 0, |Aly,sTiy,s0,|  0.7+4 0.85 FAILED

Figure 2-14(a) displays EDS profiles collected on the four samples before and after the

AWE test. Spectra collected from AlTi-0.4, AlTi-0.7, and AlTi-0.8 show oxygen,

aluminum, and titanium while AITi-0 shows only aluminum and oxygen peaks, as

expected.
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The AITi-0 and AITi-O0 AWE spectra suggest that the aluminum peak intensity was
maintained during the AWE test. AlTi-0.4 and AITi-0.7 withstood the AWE test, showing
comparable titanium/aluminum peak intensity ratios before and after the test. The EDS
spectra of AlTi-0.8 and AlITi-0.8 AWE indicate that the test caused significant chemical
changes: the titanium/aluminum peak intensity ratio decreased drastically after the test.

The oxygen molar fraction is comparable among all samples before the test.

Figure 2-14(b) shows the refractive index of the four samples before and after the AWE
test. Figure 2-14(b) revealed that, over the range of wavelengths investigated in our
study, the refractive index changes so that as x in Ali.xTixOy increases, the refractive
index increases as well. This is consistent with chemical composition being the
determining factor for refractive index of an AITiO film. For AlTi-0, the refractive index n at
633 nm is 1.592, which is higher than amorphous aluminum oxides deposited by RF
magnetron sputtering (n=1.48-1.58) by Pu et. al®, but lower than reported amorphous
AlI203 (n=1.65). The measurement indicated that extinction coefficient k was below the

minimum measurable level (i.e. k <10”) imposed by the measurement system, the

thickness of the films and relevant systematic errors across the range of wavelengths we

examined; therefore, we concluded that x for all the films should be below 10-5.

As seen in Figure 2-14(b), the refractive index of AlTi-0.4 and AITi-0.7 remained
unchanged before and after the AWE test, which confirms that the density and chemical
integrity of the films were maintained during the test. On the other hand, the refractive
index of AITi-0 and AlTi-0.8 dropped significantly after the AWE test, suggesting the
presence of significant change in their chemical characteristics. Judged by the EDS
spectra and refractive index spectra, it was concluded that AlTi-0.4 and AlTi-0.7 passed

the AWE test.
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Figure 2-14. Titanium/aluminum ratio and refractive index and directly related. Also, we can see
how two films passed the AWE test while the other two failed. (a) Energy Dispersive x-ray
Spectroscopy (EDS) and (b) refractive index of the samples under study. Solid lines are the
samples before the AWE test, and dotted lines are the samples after the AWE test. In panel (a), the
expected peak positions of oxygen (0.525keV), aluminum (1.487keV) and titanium (4.511keV) are
indicated with continuous vertical lines. The intense peak at 1.74 keV is associated with the silicon
substrate on which the AITiO films were deposited. (1) AlTi-0 (2) AITi-0.4 (3) AlTi-0.7 (4) AITi-0.8
(5) AITi-0 AWE (6) AlTi-0.4 AWE (7) AITi-0.7 AWE (8) AlTi-0.8 AWE.

Since AlTi-0.4 and AITi-0.7 both passed the AWE test and are comparable to each other
in terms of their optical characteristics and morphological appearance in SEM and VLM,
AlTi-0.7 was selected to further extract intrinsic differences between passed and failed
samples. Figure 2-15 shows cross sectional SEM images of AITi-0, AlTi-0.7 and AITi-0.8
before and after the AWE test. As seen in Figure 2-15(a)-(c), no films exhibit distinct
features before the AWE test. After the AWE test, AlTi-0.7 appears unchanged, while
AlTi-0 and AITi-0.8 underwent significant structural changes. AlTi-0 AWE in (a) displays
rough surface features, whereas AlTi-0.8 AWE in (f) shows the presence of two distinct
layers: a layer of the original composition on the bottom, and a layer on top that no longer
contains Ti. Macroscopic inspection of surfaces of the four samples by a VLM is shown in
Figure 2-16. The contrast and brightness of these images were adjusted to reveal unique
surface characteristics. As seen in Figure 2-16, all samples appear almost identical

before the AWE test. After the test, AITi-O0 AWE in (a) and AITi-0.8 AWE in (f) show
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significant changes in appearance on their surfaces while AITi-0.7 AWE in (e) appears to

be nearly identical to AITi-0.7 in (b).

i ";""’ e alaiiy i . P 5 R o L . o e

Figure 2-15. A cross sectional SEM (xSEM) study supports our conclusion that AlTi-0 and AlTi-0.8
failed the AWE test, whereas AlTi-0.4 and AlTi-0.7 withstood the AWE. This figure displays XSEM
images of the samples before and after the Accelerated Weathering Environment test. (a) AlTi-0 (b)
AlTi-0.7 (c) AlTi-0.8 (d) AlTi-O AWE (e) AITi-0.7 AWE (f) AlTi-0.8 AWE. The scale bar on all images
is 100 nm.

2.3.5 Discussion

The optical properties and corrosion resistance of a thin film depend on its deposition
method and also on the materials being used. It is for this reason that we studied
aluminum titanium oxide alloys with four different compositions under the same
deposition conditions. We used pulsed DC magnetron sputtering with RF substrate bias

to increase film density and reduce optical scattering, as stated in the introduction.
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Figure 2-16. Visible Light Microscope (VLM) images before and after the AWE test show similar
feature for all films before the AWE test. However, only the middle titanium range withstood the
AWE test. The presence of bubble-like features on AITi-0 AWE (d), indicate delamination due to
poor film adhesion. AlTi-0.8 AWE (f) has island-like structures on the surface, due to corrosion
damage. (a) AlTi-0 (b) AITi-0.7 (c) AlTi-0.8 (d) AlTi-O AWE (e) AlTi-0.7 AWE (f) AITi-0.8 AWE. . The
scale bar on all images is 0.2 mm.

The focus is firstly turned to the good endurance exhibited by AlTi-0.4 and AlTi-0.7 during
the AWE test. AlTi-0.4 and AITi-0.7 passed the AWE test and showed no distinguishable
morphological changes after the test, which would suggest Al in the presence of
moderate Ti content slowed down the crystallization and maintained these films in the
state close to the notion of amorphous. In other words, moderate Ti content (x in the
range of 0.4-0.7) in AlixTixOy provides better performance in the AWE test. Both AITi-0.4
and AlTi-0.7 are ternary metal oxides and made of two binary alloys: aluminum oxide and
titanium oxide. Ternary metal oxides have proven to have physical properties
advantageous for both optical and moisture barrier applications, as described in the

introduction.

As seen in Figure 2-15(a) and Figure 2-16(a), AlTi-0, as-deposited, showed no apparent
morphological features (i.e., no grain boundaries, for instance) that could have resulted in

significant permeation of water molecules during the AWE test. However, AlITi-0 failed the
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AWE test; as seen in Figure 2-14(b), the refractive index of AITi-O dropped significantly
after the test, which indicates that the film became porous. In addition, distinctive
“bubbles”, a clear sign of structural degradation, appeared on AITi-0 AWE in Figure 2-
16(b), suggesting the presence of significant structural changes in AlTi-0 after the AWE
test. The increase in oxygen peak intensity by 35%, seen in the EDS spectrum of AITi-0
AWE in Figure 2-14(a), would also indicate that AITi-O became porous with a large
number of voids, where hydroxyl groups were trapped during the test. It is highly likely
that the absence of titanium in AITi-O contributed to significant permeation of water
molecules in the film: the weak adhesion, due also to the absence of titanium#®, may

have contributed to the significant degradation of the film during the AWE test.

AlTi-0.8, AlixTixOy with x approximately 0.8, also failed the AWE test, in the sense that
substantial changes were observed after the test. It was found that high Ti content (i.e.,
x~0.8) promotes degradation while moderate Ti content (i.e., x in the range of 0.4 ~ 0.7)
provides benefits to AlixTixOy films. The substantial decreases in both titanium and
oxygen peak intensities in the EDS spectra suggests that significant chemical changes
occur after the test. In addition, Figure 2-15(c) displays a continuous, rather
homogeneous, film before the test; however, after the test, as seen in Figure 2-15(f), the
entire film appears to have disintegrated and swelled as evident in the apparent increase
in the overall thickness; a clear sign of degradation. Such significant changes in both
chemistry and morphology are a result of the film reacting with the harsh environment
provided by the AWE test. Figure 2-16(f) displays a surface with the presence of
“‘domains” not seen in Figure 2-16(c). Figure 2-15(f) suggests that the film reacted from
its surface, leaving a thin layer of the original film intact underneath the upper reacted

layer.

In the AWE test, surface adhesion and structural integrity of a film are expected to play

the main role in determining the level and mode of failure. When the titanium content was
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high (x=0.8 in AITi-0.8), the film failed the test. The plausible clauses include:
crystallization at low temperatures, generation of strong residual strain and formation of
grain boundaries due to crystallization. All of our samples were deposited at nominally
the same temperature, therefore, the finding of Musil et al.*® supports our results in this
regard: amorphous AITiO has twice the amount of microhardness as its crystalline
counterpart, and the crystallization temperature decreases with increasing titanium
content. The fact that, in our findings, moderate Ti content caused an improved
resistance to permeation and corrosion, while high Ti content caused a decline in
resistance to permeation and corrosion, is in agreement with similar studies done on
other ternary oxides®6:57. These studies also attribute the improved performance to
reduced stress within the oxide, achieved only within a certain range of cation content
ratio in ternary alloys. Detailed structural analysis by analytical transmission microscope
that will correlate microstructures with endurance of AlixTixOy films is currently in

progress.

It should be noted that further optimization of pulsed DC magnetron sputtering, one of the
unique features in our sputtering system, along with RF substrate bias, another unique
feature, would widen the range of Al1xTixOy alloys suitable for optically tunable moisture
barriers. In our set of samples presented here, the substrate bias power was kept
constant for all the samples. However, optimizing the substrate bias could further widen

the optimal range of Al1xTixOy alloys.

2.3.6 Conclusions

In this experiment, aluminum oxide, a smooth, conformal and transparent film, was co-
sputtered with titanium to increase its surface adhesion and corrosion resistance, and to
control its refractive index. It was found that the sample with no Ti failed the AWE test.
Poor adhesion was suggested as the cause of the failure. The film with the highest Ti

content also failed the AWE test. Crystallization and associated residual stress were
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alleged as the causes. The core finding of this study is the presence of a certain range of
Ti/Al content ratio that maximizes the endurance in the AWE test and provides refractive
index high enough for various optical applications. It is also suggested that, when using
pulsed DC magnetron sputtering with RF substrate bias, the RF substrate power applied
in the substrate could be further optimized to widen the range of AlixTixOy alloy
compositions suitable for applications where a tunable refractive index and moisture
barrier properties are required. The effective range of x could be also maximized by using

other or additional cations such as hafnium or silicon.

43



2.4 Aluminum oxide waveguides for improved transmission
efficiency in the visible and near-infrared spectrum

2.4.1 Abstract

Transmission of light in the visible and near-infrared wavelength (1) range is important
both for energy (solar light, lighting) and for telecommunication purposes (silicon
photonics). Transmission when A >1000 nm is conveyed by semiconductor-based planar
waveguides. In contrast, at shorter A (350-1000 nm), semiconductors exhibit significant
transmission loss. In planar waveguides, controlling optical characteristics such as
refractive index n and extinction coefficient k of the constituent films is critical for the
transmission of optical power. In this study, amorphous aluminum oxide (AIOx) was
chosen for planar waveguides for the visible spectrum because of its relatively high n and
low k in comparison to those of silica. 1 um thick AlOx films were deposited using pulsed-
DC magnetron sputtering with RF substrate bias using different target/substrate power
combinations to control ion energy. A set of the samples was annealed at 550 C for one
hour in air. Optical properties of the waveguides were calculated using spectroscopic
ellipsometry and prism coupling. Results show that by using high power at the target and
substrate bias, it is possible to achieve <1 dB/cm transmission loss without post-
deposition annealing, improving the ability to fit in low-temperature fabrication processes

at high deposition rates.

2.4.2 Introduction

Passive waveguides are used to transport light between places that are apart in space.
Depending on the wavelength of interest, waveguides are designed differently. Metallic
waveguides are routinely used to transport microwaves (1 = 0.1-100 cm). When the
wavelength is reduced to um, the metal’ dielectric function changes, decreasing

conductivity and increasing electromagnetic absorption. Thus, different waveguide
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structures based on dielectric materials are needed. In the infrared range (1 = 1-10 um),
semiconductors present low extinction loss; therefore, high refractive index (n) dielectric
waveguides made out of semiconductor materials surrounded by low n cladding are used
to transport information. When the wavelength is reduced even further to the visible and
near-infrared range (VNIR, 1 = 360-1000 nm) semiconductors present transmission loss
(a) too high for effective transmission (@ > 20 dB/cm). Metal oxides can then be used as
the dielectric core material for structures surrounded by silica and/or air. Dielectric
materials such as aluminum oxide (AlOx) have been traditionally studied for
telecommunication wavelengths. AlOx presents a relatively high index (n ~ 1.65) in the
visible spectrum.® In this work, waveguides with an AlOx core are used for the VNIR

spectrum. Transmission loss « is attributed to absorption and scattering processes.

There are various techniques that can be used for thin-film deposition of dielectric
waveguides. Examples include sputtering, ion beam deposition or atomic layer deposition
(ALD).58-60 ALD has been successfully used to fabricate AlOx waveguides. Aslan®! was
able to fabricate AIOx waveguides with « = 1.1 dB/cm at A = 633 nm using ALD at
medium temperatures (200/300 C substrate/chamber temperatures). ALD is a promising
deposition technique for thin films [refs], but its low deposition rate, r ~ 0.08 nm/s
reported as the fastest known deposition rate for ALD®2 is a limiting factor for waveguide

fabrication, where thickness are typically 500 nm or more.

In the case of sputtering or e-beam deposition, as-deposited AlOx traditionally presents
high transmission loss (a > 25 dB/cm), and annealing is needed to reduce «.585° Smit58
showed low transmission loss (a = 1 dB/cm) after annealing AlOx at T = 800 C. For some
applications, annealing at high temperatures (> 150 C) is not viable. Examples include
plastic substrates, organic electronics or electronic packaging, where high temperature (>
150 C) would damage the fabricated structure where an AlOx could be embedded.

Pearce® used transition mode sputtering with a fast deposition rate (r = 0.128-0.371
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nm/s) for the deposition of slab AIOx waveguides. They report on Al203 with the lowest
losses of @ = 26 dB/cm at A = 633 nm for a thickness t = 564 nm, with much lower loss (a
< 6dB/cm) as A was increased to the near infrared region. Arnold®° reported the
deposition of low loss (@ < 1 dB/cm) of AIOx waveguides using ion beam deposition while
using a lamp to heat up the substrate above 175 C. The deposition rate was r < 0.08

nm/min

A deposition technique achieving high deposition rate r, low temperature T and low
transmission loss «a in the VNIR spectrum is needed for the possibility of AlOx
waveguides to be successful. In this work, pulsed DC power (pDC) magnetron sputtering
with radio frequency power (RF) substrate bias was used in transition mode. pDC
increases the ion energy of the incoming adatoms. RF substrate bias was applied to the
substrate in order to decrease the neutrals present at the surface of the substrate by
creating a localized plasma, increasing the ion-to-neutral ratio. All films are subsequently
annealed at 550 C. It is shown that, using high target pDC power (10 kW), RF substrate
bias (100 W), low loss AlOx waveguides at fast deposition rates (r = 1.28 nm/s, a = 1.55
dB/com at A = 633 nm) can be fabricated without annealing. Results suggest that using
pDC magnetron sputtering with RF substrate bias, single- or multi-cation oxides can be
deposited at fast rates and with good optical characteristics at low temperatures, enabling
dielectric waveguides and other structures to be simply embedded into existing

technologies.

2.4.3 Experiment

2.4.3.1 Sample fabrication

Aluminum oxide films with thicknesses t = 990+55 nm were deposited on 200 mm Schott
Borofloat glass wafers. Prior to deposition, the wafers were chemically cleaned with

deionized water and hydrogen peroxide. For deposition, a pulsed DC reactive magnetron
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sputtering system with RF substrate bias from Tango Systems (San Jose, CA) was used
in transition mode. 3N aluminum was used as a target. The target surface area was
877cm2. The DC pulse was supplied at a frequency of 60 kHz with a reverse time of 10
us (40% duty factor). The reactive sputtering was done with a mixture of ultra high
purity(UHP) argon and oxygen supplied at flow rates of 80 and 44-46 sccm, respectively,
at a deposition pressure of approximately 17 Pa. The power applied to the target was
either 5 kW or 10 kW. The RF substrate power was 0, 100 or 200W RF (13.56MHz
frequency). Both power supplies were used in power regulation mode. Sputtering in
transition mode was used to deposit the amorphous AlOx films. After deposition, the
aluminum oxide waveguides were annealed at 550 C for one hour in air. A schematic of
the deposition system is depicted in Figure 2-10. The sputtering system had a standard

deviation of n=0.002 and t = 20.6 nm in the central 100 mm of the wafers.

2.4.3.2 Sample characterization

Polarized reflectometry (4 degree) and spectroscopic ellipsometry (70 degree)
measurements (RE) were taken over a 360-838 nm wavelength range using a FilmTek
2000 PAR-SE (Scientific Computing International, Carlsbad, CA). RE measurements
have a standard deviation of n=0.0001 and t=0.05 nm within the central 100 mm of the
wafers when measured at the same spot. RE measurements were taken at the center

(central 10x10 mm?2) of the 200 mm wafers.

A Metricon prism coupler setup with a rutile prism was modified to measure lateral loss in
a custom setup. A He-Ne laser (633 nm) laser was used as an excitation source. A rutile

prism coupler was chosen to couple the laser light into the waveguide core.

2.4.4 Results and Discussion

AlOx films were deposited on Schott Borofloat glass, forming asymmetric planar

waveguides with AlOx as the core, and glass (substrate) and air (on top) as cladding.
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Optical loss was measured using a prism coupler setup for evanescent coupling.1?
Briefly, laser light was first passed through a polarizer so transverse electric (TE) hit the
prism surface. Through evanescent coupling, the light was then coupled to the film, and
traveled in the propagation direction that the laser light was carrying — Figure 2-17a and
2b. Lateral propagation could occur via scattering events. Pictures of the transmitted
beam over distance were taken and post processed using Matlab. The red pixel intensity
of all pixels normal to the propagation direction were added, resulting in such light

intensity profiles as Figure 2-17c.

The intensity profile of the coupled light beam propagating through the waveguide was

fitted to retrieve attenuation loss «, defined as a = —%log (i) Figure 2-17a and 2b show
the case when there is no power applied at the substrate before and after annealing
(samples 5/0 and 5/0 A), respectively. Qualitatively, in the as-dep sample (Figure 2-17a)
the light travels a much shorter length than in the case of 5/0 A (Figure 2-17b), where the
light is visible for a longer distance, and the intensity decay is not as pronounced. There
are local spots where dust and/or surface scattering produce locally bright or dim spots
[refs]. Figure 2-17c¢ and d show intensity profiles of 5/0 and 5/0 A, respectively.
Transmission loss fits for the specific intensity profile are shown in red dashed and dash-
dotted lines for 5/0 and 5/0 A, respectively. Multiple fits or different profiles (not shown)
were averaged to calculate the loss values shown in the panels. Initially, in the as
deposited sample 5/0, the light decays rapidly (a=7.65+0.9 dB/cm), with 50 % of the
power lost just after ~0.4 cm. After the sample is annealed, the loss decreases to

a=1.5440.3 dB/cm, with 50% of the power lost after ~1.9 cm. Under regular sputtering

with no substrate bias, annealing reduced optical loss.
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Figure 2-17. With no substrate bias, the propagation loss decreases after annealing. Pictures of the
(a) as-deposited and of the (c) annealed samples, along with their respective propagation intensity
profiles in (b) and (d).

The deposition conditions where varied to try and reduce optical loss without an extra
annealing step. In order to study how the kinetics involving deposition affect the optical
characteristics of the resulting films, the power at the target was first fixed to 5 kW,
varying the RF substrate bias to 0, 100 and 200 W. Then, the power at the target was
changed to 10 kW while the substrate power was fixed to 100 W. All these samples were
annealed to 550 C for 1 h in air environment, and compared with their as-deposited
counterparts. Annealing at lower temperatures (not shown) brought less significant
changes, and Schott Borofloat substrates’ limit temperature would not allow us to anneal
at a higher temperature than 550 C.% Figure 2-18a is a dispersion graph showing the
refractive index of the samples under study before and after annealing. The refractive
index is higher than reported RF magnetron sputtered and slightly lower than reported
amorphous AIOx.5 The dispersion graphs were calculated using RE measurements and
fitting to an SCI model. All the samples show a dispersion in the 360-838 nm range in
accordance with amorphous aluminum oxide — no absorption peaks in the visible, with an

increasing refractive index as the wavelength decreases to values close to the UV

spectrum — aluminum oxide presents a bandgap in the UV (8.7 eV for y-Al203).5! Figure
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2-18b shows the refractive index at A = 633 nm of the studied samples. 5/0 has the
highest refractive index n, followed by 10/100 and 5/100. 5/200 has the lowest n. After
annealing (A samples), all the samples show a decreased refractive index from their
initial values. Figure 2-18c shows the transmission loss associated with each film at 1 =
633 nm. After annealing, a for all the samples settled to a ~ 1.4-1.6 dB/cm. However, the
as-deposited samples presented a wide range of variation. Without any substrate bias
power (sample 5/0), the as-deposited a was 7.65 dB/cm. When the substrate bias power
was high — 5/200 — a was high was well, 8.7 dB/cm. 5/100, with intermediate substrate
bias power, was found to have an initial lower a of 3.89 dB/cm. When the target power
was increased to 10 kW for this intermediate substrate bias power, 10/100, a« was found

to be 1.63 dB/cm, i.e. a value comparable to the annealed samples.

1.7 1.66
a) _ asdep — 5KW-OW b) $ as-deposited 10| * as-deposited
1887 |__s50¢ ——5kW-100W 164 I Annealed at 550 G| | { Annealed at 550 C
= — 5kW-200W ch ] al
Sreers —10kW-100W 5 £ _
é 2182 g ol
2 £ s €
g ' ; RS :
3 ®© +
© & 158 ' : 2t
i3 i ®
156l . 1.56 ' 0
400 500 600 700 800 SkW-0W  SkW-100W 5kW-200W 10kW-100W SKW-0W  5kW-100W 5kW-200W 10kW-100WV
Wavelength (nm) Power (pDc-RF) Power (pDc-RF)

Figure 2-18. Different target/substrate power combinations led to different refractive indices and
transmission loss. After annealing, refractive index decreased conformally, whereas optical loss
decreased to @ ~ 1.4-1.6 dB/cm for all samples. a) is a dispersion graph showing the refractive
index over the A2 = 360-838 nm wavelength range. b) and c) are the refractive index and
transmission loss, respectively, at 4 = 633 nm.

The complete set of samples deposited along with their deposition conditions and
resulting refractive index and transmission loss measured at 4 = 633 nm can be found in
Table 2-4. We now hypothesize the relationship between target power, substrate power
and annealing with the resulting refractive index, transmission loss and deposition rate.
Given the complex kinetics during film growth, the structure zone model (SZM), first
published by Movchan and Demchishin®* attempts to provide general guidelines relating

grain growth and grain structure with growth parameters such as substrate temperature,
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pressure or ion bombarding energy. Different SZM models have been developed over
time,%5-68 where adsorption and diffusion during sputtering have been studied for different
species and different deposition conditions during and after thin film growth via
sputtering. At low deposition temperatures we find Zone 1, where atomic shadowing
causes the film to be microcrystalline. At higher deposition temperatures there is Zone 2
dominated by surface diffusion, where there is columnar growth. In between these two
Zones we find Zone T, with dense, poorly defined fibrous grains. Zone T has proven to be
mechanically more stable than 1 or 2 and with mixed crystalline phases. Computational

models provide further understanding of the kinetics during thin film growth.%°

Zone 1 would fit with 5/0: high n was produced by pDC, whereas high a was caused by
the microcrystalline nature of the film. For 5/200, the ion-bombardment energy was too
high, creating microcrystals with high defect densities and high compressive stress.”® For
samples 5/100 and 10/100, repeated renucleaction caused by the low-energy
bombardment of an intermediate RF substrate power along with pDC target power
provided low a. 10/100 presents higher n than 5/100, lower @ and a faster deposition rate
due to the fast deposition enabled by higher power at the target. These results agree with

previous findings by Musil>* and Sonderby™..

Interestingly, all films produced low a when annealed. 5/0 retained the highest n among
all of them. If annealing is not a problem, 5/0 is an appropriate choice. It presents the
highest n among all the samples and low « after annealing. RF substrate bias power on
top of pDC target power is a challenging engineering technique, with a lot of circuitry (RF

impedance matching) needed.
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Table 2-4. Sample description, with deposition and annealing parameters and resulting optical

characteristics.
Sample Target pDC | Substrate RF | Anneal (C) | nat633 nm aat 633 nm
as-dep (annealed) | power (kW) | power (W) (dB/cm)
5/0 (A) 5 10 No (550) 1.638(1.630) 7.65(1.54)
5/100 (A) 5 10 No (550) | 1.598(1.583) 3.89(1.5)
5/200 (A) 5 10 No (550) | 1.586(1.576) | 8.165(1.55)
10/100 (A) 10 10 No (550) | 1.602(1.596) 1.55(1.63)

2.4.5 Conclusions

Refractive index n (measured in the VNIR) and transmission loss a (measured at A = 633
nm) was measured for aluminum oxide (AlOx) waveguides. Pulsed DC magnetron
sputtering with RF substrate bias in a range of target/substrate power combinations was
used for deposition. With no substrate bias, post-deposition annealing at 550 C reduced
the transmission loss from « = 7.65 dB/cm to @ = 1.54 dB/cm. A combination of high ion
energy and high ion-to-neutral ratio achievable by pulsed DC magnetron sputtering with
RF substrate bias was used to deposit high index (n = 1.6) low loss (a = 1.55 dB/cm)
AlOx waveguides without post-deposition annealing. The elimination of high temperature
processing enables the usability of AIOx waveguides in devices such as organic LEDs,
plastic substrates or electronics. Increasing n allows for further light concentration and

further efficiency in many optical and optoelectronic devices.
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3 A niobium oxide-tantalum oxide selector-memristor
self-aligned nanostack

3.1 Abstract

The integration of nonlinear current-voltage selectors and bi-stable memristors is a
paramount step for reliable operation of crossbar arrays. In this paper, the self-aligned
assembly of a single nanometer-scale device that contains both a selector and a
memristor is presented. The two components (i.e. selector and memristor) are vertically
assembled via a self-aligned fabrication process combined with electroforming. In
designing the device, niobium oxide and tantalum oxide are chosen as materials for
selector and memristor, respectively. The formation of niobium oxide is visualized by
exploiting the self-limiting reaction between niobium and tantalum oxide; crystalline
niobium (di)oxide forms at the interface between metallic niobium and tantalum oxide via
electrothermal heating, resulting in a niobium oxide selector self-aligned to a tantalum
oxide memristor. A steady-state finite element analysis is used to assess the
electrothermal heating expected to occur in the device. Current-voltage measurements
and structural/chemical analyses conducted for the virgin device, the electroforming
process, and the functional selector-memristor device are presented. The demonstration
of a self-aligned, monolithically integrated selector-memristor device would pave a
practical pathway to various circuits based on memristors attainable at manufacturing

scales.

3.2 Introduction

Memristors are a fundamental passive circuit element -2 that can be used to process or
store information for the next generation computing #°. In bi-stable operation, the

resistance of a memristor can be explicitly programmed to one of the two levels, often
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being referred to as high resistance state (HRS) and low resistance state (LRS), by
applying a specific switching voltage. Once programmed, the resistance can be retained
without supplying external electric power and read out at voltages lower than the
switching voltage; hence, memristors can be used as non-volatile memories. When a
specific memristor among others arranged in a crossbar array is selected, the so-called
sneak path currents flowing through the unselected or partially selected memristors
imposes significant challenges in programming or reading operations on the selected
memristor 6-8. This is mainly due to the insufficient nonlinearity of current-voltage (I-V)
characteristics of memristors 6. A device with highly nonlinear I-V characteristics, often
referred to as selector, reduces the sneak path current when combined with a memristor,
allowing the crossbar array to function correctly by mitigating the sneak path currents. In
this paper, we demonstrate a nanometer-scale device in which a memristor and a

selector are self-assembled.

A plethora of materials have been used as a switching layer in memristors, with transition
metal oxides being the most widely used 5°. Among a range of choices for a switching
layer, tantalum oxide (TaOx)-based memristors present reliable switching 191, In addition,
niobium oxide (NbO2) has been widely studied as a selector material, as it presents
consistent negative differential resistance (NDR) — a critical enabling property for
selectors 1?; therefore, in this paper, tantalum oxide and niobium oxide are chosen as
memristor and selector, respectively, to fabricate an integrated selector-memristor
(1S1M) cell. In designing NbO2-TaOx 1S1M cells, the key is to form the two materials in a
simple and reproducible process, which precludes two separate deposition steps for
NbO:2 and TaOx that require careful control on their compositions. However, obtaining a
specific composition (i.e. x in NbOx in this case) for a binary oxide thin film sandwiched by
layers of different materials is a daunting task. The compaosition needs to be tuned for a

particular application — selector in this case — and obtaining deposition conditions that
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work on a TaOx surface and that form an appropriate interface with the top electrode (Pt
in our case) is a challenge that we try to avoid. A nanoscale selector that is self-

assembled into a memristor cell would be highly desirable1314,

In this demonstration, a TaO:. film is first deposited on a TiN via, followed by a blanket
metal Nb film deposition, avoiding the deposition of a specific composition of NbOx. Upon
electroforming - using electrical current spatially-confined by a current path defined by a
diameter associated with the TiN via - the Nb film is oxidized in the vicinity of the TaO2.2
film. As a result, a self-aligned NbO:2 selector and a TaOx memristor are self-assembled
on top of the TiN via, creating an 1S1M self-assembled cell. The electroforming process,
a critical step for the successful self-aligned assembly of the 1S1M cell, is discussed in
detail, revealing the microscopic picture and mechanism of the formation of a self-
assembled selector on top of a traditional memristive material in a nano-1S1M cell by

HRTEM combined with simulations.

3.3 Experimental

In designing an NbO2-TaOx 1S1M self-assembled cell, 3D electro-thermal modeling was
carried out using COMSOL Multiphysics to assess the temperature profile within the
device that results from steady-state Joule-heating upon the electroforming. Material
parameters used in the modeling were taken from 1516 for Pt, 17 for Nb, 1819 for TaO>, 2021
for TiN, 7 for W, 2223 for SiO2 and 2223 for SisN4. The device structure used in the
modeling is shown in Figure 3-1. A TiN via bottom electrode is represented by the
embedded cylinder with a diameter of 75 nm and is connected to a 150 nm thick W layer
(i.e. bottom electrode) at the bottom. The TiN via is surrounded by a stack of 20 nm thick
SiO2 and 15 nm thick SisNasisolation layers. A TaO:2 blanket layer (4 nm thick) placed
above the TiN via/isolation layers represents the memristive switching layer. Above the
TaO: layer, a 30 nm thick Nb and a 10 nm Pt (i.e. top electrode) are present. The

temperature at the W bottom electrode was fixed to 293.15 K. The surface of the top
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electrode is represented as a diffuse surface through which heat is dissipated to ambient
by radiation; the surface emissivity e = 0.8 and an ambient temperature of 293.15 K were

used.

The structure used in the modeling was subsequently fabricated with the dimensions
provided above on a SiO>/Si substrate. The substrate was ultrasonically cleaned with
acetone and isopropyl alcohol, then reactive ion etched with oxygen plasma for 30 s and
finally ion milling etched at 400 W in argon gas for 90 s prior to the bottom electrode
deposition. A blanket W layer was deposited by chemical vapor deposition (CVD) on the
substrate. Then, SiO2 and SisN4 layers were deposited, and 75nm via in nanoscale was
patterned by a photolithographic process. The standard deviation of the nanovia size was
2.4 nm. After the formation of contact holes, titanium nitride (TiN) via for the bottom
electrode were formed by CVD followed by chemical mechanical polishing. A TaO2.2
switching layer was deposited by reactive RF sputtering using a TaO:.2 target with an
argon gas flow of 273 sccm and an oxygen gas flow of 77 sccm. Metallic Nb and Pt top
electrode layers were deposited through shadow masks by electron beam deposition at

ambient temperature, at a chamber pressure of 2.2 uTorr and a growth rate of 0.1 nm/s.

I-V characteristics were studied using an Agilent 4156¢c parameter analyzer. The voltage
was applied to the Pt top electrode with the W bottom electrode grounded. A logarithmic
voltage step and an integration time of 16.7 ms was used for all sweeps. The virgin step
consisted of 0-1 V double sweep with current compliance set to 10 nA (68 voltage steps).
The electroforming step consisted of 0-2 V double sweep with the current compliance set
to 10 mA (48 voltage steps). The continuous switching operation consisted of +2.5 V
double sweeps with a current compliance of 100 pA (96 voltage steps). An FEI NOVA
dual beam was used to prepare samples for cross-sectional imaging and analysis in high
resolution transmission electron microscopy (HRTEM) and electron energy loss

spectroscopy (EELS) using an FEI Titan operated at 300 kV.
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Figure 3-1. Modeling results indicate that, during the electroforming, the local temperature in the
Nb/TaOz2.2 region is high enough to induce IMT in NbO-. (a) a thermal map showing steady-state
temperature in the Nb/TaO2.2 region would locally reach ~1117 K during the electroforming. “NbO2
selector” and “TaOx memristor” would result from the electroforming. (b) electrical potential, current
density streamlines and temperature isosurfaces are shown. The color bars for these variables are
on the right.

3.4 Results and Discussion

Figure 3-1(a) displays a representative temperature map when the applied voltage is set
to 1V, indicating that Joule heat generated during the electroforming locally increases
the temperature in the Nb/TaOz.2region. It appears that for 1 V, the local temperature at
the TaO2.2 layer would reach ~1117 K. Figure 3-1(b) shows three quantities: electrical
potential V, current density J streamlines, and temperature T isosurfaces around the
Nb/TaO:.2 region. Upon the electroforming, it is possible that NbOx would form at the
Nb/TaO2.; interface, creating NbOx/TaOx 2425, Given the temperature map shown in
Figure 3-1 (a), if NbO: is present atop the TaOx layer, the resulting temperature ~1117 K
is high enough to cause insulator-to-metal transition (IMT) for NbOz (T} = 1070 K) in
the vicinity of the TiN via 2426, This NbO2 would then show nonlinear I-V characteristics.
As seen in Figure 3-1(b), the electrical current is well confined within the TiN via region,

so the heating is localized in the vicinity of the TaOx layer present directly atop the TiN
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via. Hence, as the modeling suggests, by fabricating the specific structure shown in
Figure 3-1 and performing the electroforming, it should be possible to vertically assemble
a self-aligned NbO2-TaOx 1S1M cell, which is experimentally confirmed below. After the
feasibility of a self-aligned 1S1M structure has been confirmed theoretically, an

experimental demonstration is pursued.
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Figure 3-2. Upon electroforming, the device shows a combined, self-assembled 1S1M behavior.
I-V of the device in (a) the electroforming state, and the following switching state showing nonlinear
and memristive (1S1M) behavior plotted in (b) linear and (c) semi-logarithmic scale.

A series of I-V double sweeps were performed on the as-deposited structure (i.e. the
virgin state) and on two acquired states — the electroforming state and the switching state
— shown in Figure 3-2(a) and (b), respectively — explicitly established by operating the as-
deposited structure. Thus correspondingly, there exist three progressive structural
stages: the virgin state, the electroforming state (Figure 3-2(a)) and 1S1M (i.e. switching
state) (Figure 3-2(b) and (c)). The quasi-linear |-V characteristics of the virgin state (not
shown) indicate the presence of ~100 pA level of electrical current at +£0.5 V, with
asymmetric characteristics appearing in the positive and negative voltage regions that
can be attributed to the two different materials used for the top and the bottom
electrodes. Multiple quasi-DC sweeps were applied to electroform the TaOx memristor
from virgin state first before the electroforming sweep shown in Figure 3-2(a) was applied
to electroform the NbOx layers. Figure 3-2(a) was collected during the electroforming.
The device initially showed low resistance (R;,,,~60 — 70 2 for the voltage sweep 0 —

1 V) followed by negative resistance between 1 and 1.6 V; subsequently, the overall
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resistance of the device increased by 4 orders of magnitude (Ry;4,~200 — 300 k{2 for the
voltage sweep 1.6-0 V). This appears to be type Il electroforming — crystallization that
results in a higher electrical resistance 2. Once the electroforming step was completed,
the device began to show consistent unipolar switching, as seen in Figs. 2(b) and 2(c).
The |-V characteristics are highly nonlinear: The device was initially in high resistance or
“OFF” state, with their with current increasing only after 2 V for the positive sweep to the
low resistance or “ON” state (Fig.2(b)-(c)). At V,,../2 (1.25 V), the current is ~6 UA,
whereas the current at 2.5 V is limited by the compliance limit set to 100 uA. The
obtained 1S1M I-V nonlinear switching characteristics is explained as a combination of
the NbOx selector providing high resistance at low voltages and the TaOx memristor
providing switching between “ON” and “OFF” states. The negative sweep also shows
highly nonlinear characteristics. The ON states in the positive and negative sweeps
appear to be slightly asymmetric to each other, which could be originated from the

asymmetry seen in the virgin state.
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Figure 3-3. HRTEM cross-sectional images of the device (a) before and (b) after the electroforming.
(c) shows the device at the OFF state after the electroforming, showing the region of the self-
aligned NbO2-TaOx1S1M, (d) a diffraction pattern associated with the red window of the image in
(c), indicating the presence of the NbO2 tetragonal crystalline phase. (e) is an EELS elemental map
after the electroforming, indicating the presence of Nb, Ta, N, and O in the OFF state.

HRTEM was used to reveal structural and chemical transformations during the
electroforming. Figure 3-3(a)(b) suggest that the device underwent physical changes
upon the electroforming. The Nb sitting directly on top of the TaO2.2/TiN via was oxidized,
leading to increasing electrical resistance of the device (Figure 3-2(a)). The top of the TiN
via on which the TaOx layer sits appears to be swollen in Figure 3-3(b); this region is
referred to as “TaOx memristor region”. The area above the TaOx memristor region
shows a brighter contrast; this region is referred to as “NbO: selector region”. In Figure 3-

3(c), at a higher magnification than Figure 3-3(b), the TaOx memristor region appears to
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contain TaOx between the TiN via and the NbO:2 selector region. The NbO: selector
region was found to be made of the tetragonal crystalline phase of NbO2, as indicated in
Figure 3-3(d) in which two specific combinations of symmetry and spacing match the
(222) and (400) planes of tetragonal NbOz. The area surrounding the NbO: selector
region is found to be Nb20Os, further confirmed with HRTEM/diffraction pattern (not
shown). This Nb20s region is discontinuous, with some regions replaced by the NbO:
phase formed by Nb2Os decomposition under high electric field and high temperature.
Nb20s is expected to present linear |-V characteristics and is unintended for this device.
A separate study focused on NbO: films without the TaOx memristor layer present
confirms thermally induced crystallization??. Figure 3-3(e) shows an EELS map for the
key elements: Nb, O, Ta, N and Ti. A high N concentration region — a possible N release
from the TiN via - is seen underneath the TaOx memristor region, suggesting the swelling
of the TiN via occurred upon the electroforming. Ta (yellow) is hardly noticeable in the
TaOx memristor region due mainly to a specific spatial resolution compared with the size
of the device. A mixture of Nb (red) and O (blue) is found in what used to be the Nb layer
in the virgin state, confirming the presence of NbO2 and Nb2Os phases suggested by
HRTEM/diffraction pattern. The Nb concentration appears to be higher in the NbO:2
selector region (relatively more red intensity) than in the rest of the oxidized region of the
Nb layer, suggesting that NbO2 dominates the NbO: selector region, and Nb20Os is

present elsewhere in the Nb layer.

After assessing the electrothermal behavior of the as-deposited structure (Figure 3-1), I-V
characteristics of the virgin state, the forming state, and the switching state were
experimentally obtained (Figure 3-2), and the presence of an NbO: selector region and a
TaOx memristor region atop the TiN via was confirmed (Figure 3-3). Provided these
results, an attempt to understand the physical mechanisms behind the electroforming is

made as follows. The oxidation process has not been uniquely identified at this point, but
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it is plausible that oxygen migrated from the TaO:.2 layer vertically and laterally and/or
from the outside of the device - the Pt electrode was found to be partially ruptured during
the electroforming - contributing to the formation of NbOx and TaOx at the early stages of
the electroforming (between 0 V and ~ 0.5 V in Figure 3-2(a)). At ~1 V, the temperature in
the TaOx region directly atop the TiN via was higher than T}, for NbOz, as suggested by
the modeling (Figure 3-1). The NbO: present directly atop the TaOx/TiN via underwent
IMT due to the elevated temperature during the electroforming at ~1V (Figure 3-2(b)). In
Figure 3-2 (a), the device shows negative resistance starting at ~1 Vand up to 1.6 V, in
line with type Il selector electroforming of crystalline NbO2, hence creating the NbO:
selector region 12, The oxidation of Nb on top of the TaOx layer with the presence of
spatially confined electrical current is a self-aligned assembly process in terms of self-
limited composition and self-aligned location. Self-limited composition: The conduction
channel in a TaOx memristor is found to be a Ta-O solid solution with saturated oxygen
28 which is a strong oxidizing agent that can oxidize Nb to its highest order of oxide (i.e.,
Nb20s). Self-aligned location: Whatever form of Nb oxide exists in the conduction path of
the cell needs to be conducting at high temperature induced by Joule heat during the
electroforming process, otherwise the Nb oxides will be stressed by high electric field and
decompose to a more conducting oxide. Therefore, the part of Nb2Os in the conduction
path is further reduced to NbO2 under electric stress. By increasing voltage and current
during the electroforming, NbO2 present within the NbOx layer (mainly Nb2Os) undergoes
IMT due to Joule-heating that leads to temperature above T;, within the vicinity of the
NbOx/TaOx interface, naturally creating an NbO2 nanocap as a selector on top of the

memristor conduction channel.

3.5 Conclusion

A self-aligned NbO2-TaOx 1S1M cell with self-limited composition based on a Nb-TaO2.2

structure was built on top of a TiN via using a self-aligned assembly approach. A 3D
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electrothermal simulation was setup to assess the temperature profile of the device upon
the electroforming, confirming that the temperature was high enough to induce IMT of
NbO: directly atop the TaOx memristor region. The experimental demonstration clearly
distinguished unique I-V characteristics of the three states: the virgin state, the
electroforming state, and the switching state. Structural and chemical analysis using a
combination of HRTEM and EELS confirmed the presence of NbO2 and TaOx on a device
cross sectioned after the electroforming and switching. The self-aligned assembly of
selector-memristor nanostack studied using Nb/TaOx as an example can be extended to
other similar materials systems, opening an alternative avenue to design and fabrication

of large memristor crossbar arrays.
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4 Reflectometry-Ellipsometry Reveals Thickness,
Growth Rate and Phase Composition in Oxidation of
Copper

4.1 Abstract

The oxidation of copper is a complicated process. Copper oxide develops two stable
phases at room temperature and standard pressure (RTSP): cuprous oxide (Cuz20), and
cupric oxide (CuQ). Both phases have different optical and electrical characteristics that
make them interesting for applications such as solar cells or resistive switching devices.
For a given application, it is necessary to selectively control oxide thickness and
cupric/cuprous oxide phase volume fraction. The thickness and composition of a copper
oxide film growing on the surface of copper widely depend on the characteristics of as-
deposited copper. In this paper, two samples - copper films prepared by two different
deposition techniques, electron-beam evaporation and sputtering - were studied. As the
core part of the study, the formation of the oxidized copper was analyzed routinely over a
period of 253 days using spectroscopic polarized reflectometry-spectroscopic
ellipsometry (RE). An effective medium approximation (EMA) model was used to fit the
RE data. The RE measurements were complemented and validated by using x-ray
photoelectron spectroscopy (XPS), atomic force microscopy (AFM) and x-ray diffraction
(XRD). Our results show that the two samples oxidized under identical laboratory ambient
conditions (RTSP, 87% average relative humidity) developed unique oxide films following
an inverse-logarithmic growth rate with thickness and composition different from each
other over time. Discussion is focused on the ability of RE to simultaneously extract
thickness (i.e. growth rate) and composition of copper oxide films and on plausible

physical mechanisms responsible for unique oxidation habits observed in the two copper
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samples. It appears that extended surface characteristics (i.e. surface roughness and
grain boundaries) and preferential crystalline orientation of as-deposited polycrystalline
copper films control the growth kinetics of the copper oxide film. Analysis based on a
non-contact and non-destructive measurement such as RE to extract key material
parameters is beneficial for conveniently understanding the oxidation process that would

ultimately enable copper oxide-based devices at manufacturing scales.

4.2 Introduction

Copper oxide is one of the most studied metal oxides . Oxidation of copper upon
exposure to air at room temperature and standard pressure (RTSP oxidation) produces
copper oxide referred to as native oxide, resulting in two stable copper oxide phases:
cuprous oxide and cupric oxide 2-5. Cuprous oxide (Cu20) is a p-type semiconductor with
a direct band gap of 2.17 eV and an optical gap of 2.62 eV at 300 K %67, which makes it
an interesting material for solar cells and light emitting diodes &°. Cupric oxide (CuQ) is
also a p-type semiconductor with an indirect band gap ranging from 1.2 eV to 1.9 eV at
300 K 167, CuO is widely used in applications such as gas sensors and catalysts 911,
Recently, copper oxide has shown promising results for resistive switching devices due to

the different electrical properties offered by CuO and Cu.0O 1214,

Structural variations in as-deposited copper films lead to different copper oxide formation
mechanisms. For instance, variations in thickness and composition of copper oxide
depend on properties of the as-deposited copper film such as thickness, crystalline
morphology, deposition conditions, and surface roughness 57, In addition, oxidation of
copper has been studied and reported in different temperature regimes 71720, pressures
520 and environments?. In the specific case of RTSP oxidation, the most common
method to analyze the oxidation progressing over time is X-Ray Photoelectron
Spectroscopy (XPS) to obtain both thickness and composition2521-25, While an array of

optical methods including reflectometry and ellipsometry 216.17.26 have been used to
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merely extract oxide film thickness, obtaining composition using optical methods remains
unexplored, mainly because of the similar refractive index of cuprous and cupric oxide in
visible wavelengths 27. Attempts to distinguish different copper oxide phases using RE

have been done using stratified models 28,

With increased interest in high performance memory device development in materials
science?, the opportunity for simple, inexpensive, scalable device fabrication using
existing common materials such as Cu and SiO: is extremely attractive. If a functional
memory device is realized with an active switching copper oxide layer that can be
fabricated from a reasonable amount of ambient environment exposure to a copper
bottom contact, then the careful understanding of copper native oxidation will drive
industrial device development. Moreover, controlling the oxide layer formation on copper

interconnects can improve their resistivity and stability3°.

In this paper, first, we briefly present a Cu/SiO2/Cu (i.e. Cu bottom electrode/SiO2
dielectric film/Cu top electrode) resistive switch with volatile switching, which is referred to
as volatile conductive bridge (VCB). During the fabrication of this resistive switch, the
bottom Cu electrode was intentionally oxidized by RTSP oxidation for 1 to 7 days before
depositing the SiO: film. Two findings are: the resulting copper oxide film enables the
formation of a VCB through the SiO:z film and the electrical behavior of the VCB (e.g.
leakage current, low and high resistance states) critically depends on RTSP oxidation
time. These two findings and the fact that both the switching and the oxidation involve the
transport of Cu atoms motivated us to conduct the study - oxidation of copper by RTSP
oxidation - described as the core part of this paper. Subsequently, we present a study on
the RTSP oxidation of copper films deposited on Si (100) using two different deposition
methods: electron beam evaporation and sputtering, to understand the oxidation
processes by studying how thickness and composition of the oxide change over time. We

create a fitting model for RE that provides reliable thickness and oxide volume fraction
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continuously changing over time. Obtained results are compared with those obtained by
XPS for validation. AFM and XRD are used to assess the results from the RE
measurements and to further understand the characteristics of the as-deposited copper

films and their influences to the oxide formation.

4.3 Experiment

4.3.1 Copper oxide-based volatile conductive bridge fabrication and

characterization

A volatile conductive bridge (VCB) device was fabricated in cross bar format. The bottom
electrode (BE) was formed by evaporating 2 nm Ti followed by 15 nm Cu through a
shadow mask on a thermal SiO: film formed on a silicon substrate. Ti acts as an
adhesion film between the SiO2 and the Cu films. A blanket SiOz2 film 15 nm thick was
sputtered on the Cu film by RF magnetron sputtering using a SiO: target in a Leybold
sputtering system. The top electrode was Cu 10 nm/Pt 20 nm, evaporated through a

shadow mask.

Current-voltage (I-V) DC measurements of the VCB were performed with an Agilent
4156C Precision Semiconductor Parameter Analyzer. The voltage was swept from 0 V to
0.6 V and then back from 0.6 V to 0 V. The current compliance range was set to 30 uyA.

The voltage was applied to the top electrode, keeping the bottom electrode grounded.

The nominal device stack is Cu/SiO2/Cu. However, due to air exposure between the
surface of the copper bottom electrode and the silicon oxide film, the presence of copper
oxide between the bottom electrode and silicon dioxide can be expected. The RTSP
oxidation of copper enabled volatile conductive bridge formation. In order to address the
nature of the switching, copper samples were prepared to study the thickness and oxide

phase composition of copper oxide over RTSP oxidation time.
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4.3.2 Copper thin film deposition — sample preparation

In preparing two types of as-deposited copper film samples, copper was deposited on
100 mm diameter Si (100) substrates covered with native oxide. A Leybold electron-
beam evaporation system was used for one sample referred to as “e-beam”. A Leybold
sputtering system was used for the other sample referred to as “sputter”. For both
samples, the thickness of the copper films was 32+2 nm. 10x10 mmz2 coupons from the
center of the samples were used for characterization. Copper oxide was formed under
laboratory conditions in Santa Cruz, California, USA: temperature ~300 K, pressure ~0.1

MPa, and average relative humidity ~87%.

4.3.3 Copper oxide characterization with RE

Polarized reflectometry (light incident angle of 4 degrees) and spectroscopic ellipsometry
(light incident angle of 70 degrees) measurements were routinely taken over a 296-938
nm wavelength range (0.47 nm step size) for 253 days using a FilmTek 2000 PAR-SE
(Scientific Computing International, Carlsbad, CA). A fitting model used to extract optical
properties of copper oxide formation on the two samples consists of a silicon substrate
covered with a silicon dioxide (2.48 nm thick) film, followed by a copper film and a copper
oxide film. The top two films (i.e. the copper and copper oxide fiims) were modeled as
two different films, each of which is described by the effective medium approximation
(EMA) Landau-Lifshitz model, with a screening number of 0.3333, which models different
media as spheres 31-33, The root mean squared error (RMSE) over all studied
wavelengths was minimized to fit the collected spectra. 4 = 1;,; — A; was chosen to be
0.47 nm in the model. The choice of an EMA model was motivated by the comparable
thickness of the oxide film and the surface roughness. In the description of the EMA
model, the copper film was modeled as a mixture of copper and void, and the copper
oxide film was modeled as a mixture of cuprous oxide, cupric oxide and void. Only

cuprous oxide and cupric oxide were assumed to be present as they are the two stable
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phases of copper oxide at RTSP!. The optical constants — refractive index and extinction
coefficient — for all the constituent materials were fixed to those found in Palik?” and thus,
the thickness and volume fraction of the copper and copper oxide films were used as
fitting parameters. The systematic error of these measurements was obtained by taking
multiple measurements at the geometrical center of the 10x10 mm2 coupons for all data
points appearing in Figs 2 and 3. The standard deviation o was found to be 0.04 nm and
1.6% for the copper oxide thickness and the copper oxide volume fraction, respectively. o

for each data point is represented by an error bar.

4.3.4 Complementary copper oxide characterization with XPS

An XPS study of the copper films was undertaken to determine oxidation states of copper
and correlate film deposition conditions with surface chemistry after 220 days of RTSP
oxidation. Specific attention was given to the change in the relative amounts of Cu20 and
CuO present within a growing oxide. The analysis was done using a Thermo K-Alpha
XPS spectrometer with an X-ray beam focused on a ~600 um diameter spot size at a
standard 45 degree angle to the detector. A combination of survey scans, valence band,
high resolution C(1s), O(1s), Cu(2psr2), N (1s) scans, and Cu Auger LMM, were taken for

this study.

The collected XPS spectra were curve-fitted to identify oxidation states and assign
specific chemical elements to revealed peaks in the spectra. A 40 eV scan of the copper
LMM Auger region was used to identify the oxidation states of Cu - specifically Cu20 and

CuO - to derive atomic percentage for the two samples.

4.3.5 Copper oxide characterization with AFM and XRD

An atomic force microscope (AFM) in non-contact tapping mode operated under ambient
conditions (Bruker AFM) was used to scan the surface of the sputter and e-beam

samples on the day of the deposition and after 268 days of RTSP oxidation. The AFM
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scans were taken over a 500x500 nm? area at a 2Hz scan rate. All the scans were
collected on the same day and with the same tip for consistency (i.e. fresh samples were

re-deposited after 268 days of RTSP oxidation).

Grazing incidence x-ray diffraction (Rigaku SmartLab x-ray diffractometer with a Cu ka
source operated at 40 kV and 44 mA in parallel beam mode) was used to study
crystallographic properties of the two types of as-deposited copper films. The incident
angle was 0.5 degrees, the scan speed was 1 degree/min, and the scan range was 20-80

degrees (2-theta).

4.4 Results

4.4.1 Copper oxide volatile conductive bridge
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Figure 4-1. The VCB shows an 8 order of magnitude difference between the high-resistance and
the low-resistance state. |-V curve under DC sweep of a copper oxide-based volatile conductive
bridge (VCB) in a) linear and b) semi-logarithmic scale.

Current-voltage (I-V) DC measurements of the VCB were performed to assess the
resistance value. Figure 4-1(a) shows an I-V curve from the device with two-wire
measurement under double sweep. Figure 4-1(b) is a semi-logarithmic plot of Figure 4-
1(a). As shown in the figure, under DC sweep from 0 to 0.6 V, the device was in high
resistance state (HRS, with device current about 1 pA) until about 0.37 V at which the
device switched to low resistance state (LRS, with device reaching current compliance 30

pA). During the return sweep from 0.6 V to 0 V, the device remained at LRSuntil about
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0.15 V, at which point the device switched back to high resistance state (device current
under 1 pA). The device switching mechanism is volatile. Although VCB operation
mechanism is still under investigation, we propose an explanation involving both ionic
and electronic transport. With voltage bias, copper ions migrate along the existing electric
field and are aligned with one another to form a conductive bridge within the oxide matrix.
Subsequently, electrons flow through the conductive bridge to bring the device to LRS.
When the voltage bias is reduced or removed, the conductive bridge dissolves and loses
its continuity, partly due to the high surface tension experienced by the bridge surrounded
by the oxide matrix, diminishing the electron conductive path, and hence bringing the

device back to HRS.

4.4.2 Copper oxide thickness measured with RE over time
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Figure 4-2. E-beam and sputter samples present an inverse-logarithmic growth rate trend with
different initial thicknesses and growth rates. The dependence of total thickness of copper oxide on
RTSP oxidation time is shown: (a) the total oxide thickness plotted as a function of oxidation time
for the e-beam and sputter Cu samples and (b) the inverse of the total oxide thickness plotted as a
function of the natural logarithm of RTSP oxidation time.

RE data was collected routinely over a period of 253 days to extract thickness and
composition of the oxide film upon RTSP oxidation. Figure 4-2(a) shows the total oxide
thickness of the e-beam and sputter samples plotted as a function of RTSP oxidation
time (Note: The calculated standard deviation of 0.04 nm is smaller than the dot size
representing a data point in Figure 4-2). The total oxide thickness was obtained by fitting

the collected RE data with an EMA model with a mixture of cuprous oxide, cupric oxide
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and void, as described in the Experiment section. After 1 day of RTSP oxidation, the e-
beam sample presents an initial oxide thickness (1.34 nm) smaller than that of the sputter
sample (1.81 nm). The thickness after 253 days of RTSP oxidation time is also smaller
for the e-beam sample (3.13 nm) than that for the sputter sample (6.59 nm). The growth
rate of the oxide film for both samples is not linear over 253 days, and it appears to be
higher at the beginning of the studied time period of the RTSP oxidation with a

decreasing trend over time.

Cabrera and Mott** showed that a thin native copper oxide follows an inverse-logarithmic
growth rate: % = A — B -In(t), where d is the thickness at time t, A is the inverse initial

thickness, and B is the inverse growth rate. Figure 4-2(b) shows an inverse total oxide
thickness plotted as a function of natural logarithm of RTSP oxidation time of the two
samples, clearly showing the inverse-logarithmic dependency on both samples as
suggested by Cabrera and Mott34. The thickness and coefficients A and B in the Cabrera-
Mott description were extracted from the plot and found to be different between the e-
beam and the sputter samples as shown in Figure 4-2(b). The initial inverse thickness A
of the e-beam sample (A = 0.71 nm-) is higher than that of the sputter sample (A = 0.58
nm-1). This translates to the e-beam sample having a smaller initial oxide thickness than
that of the sputter sample as seen in Figure 4-2(a). The inverse growth rate B for the e-
beam sample (B = 0.07 (nm-In(days)) ) is smaller than that of the sputter sample (B =
0.08 (nm-In(days)) 1), which indicates that the oxide grows at a slower rate on the e-

beam sample compared to the sputter sample.

A number of publications have shown an inverse-logarithmic growth dependency for
copper during RTSP oxidation with a range of A and B values 241825 For a metal oxide
film that keeps forming on a metal surface, metallic elements (e.g. metal ions) need to be
continuously supplied through the metal-metal oxide interface. Furthermore, the metallic

elements need to be transported to the oxide-air interface through the growing metal
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oxide. Copper ions do not gain thermal energy large enough to diffuse through the
copper oxide films at room temperature (i.e. during RTSP oxidation). However, in very
thin oxide films (less than 10 nm), a built-in electric field established between the copper
cations at the copper metal-copper oxide interface and the oxygen anions at the copper
oxide-air interface causes copper ions to leave the metal-metal oxide interface. As a
result, copper ions migrate through the growing metal oxide film to reach the oxide-air
interface 3435, This electric field decreases as oxide growth continues over time (i.e. as
the oxide thickness increases). The drift velocity - the velocity of the moving copper ions -
shows a decaying exponential dependence with respect to the electric field. Thus, the
growth rate presents an inverse-logarithmic trend, decreasing until it stops at a certain

thickness at which the electric field is no longer strong enough to sustain the growth of

the oxide34.

4.4.3 Copper oxide phase composition over time measured with RE
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Figure 4-3. Copper oxide composition derived from the RE measurements shows that (a) e-beam
and (b) sputter samples have different CuO and Cu20 volume fraction over RTSP oxidation time.
The solid and dotted lines are guides to show apparent trends.

Data acquired using RE and fitted with an EMA model (described in the Experiment
section) was used to calculate the CuO and Cuz0 volume fraction of the oxide film that
change over time. Figure 4-3 shows the calculated volume fraction of CuO and Cuz0 for
the (a) e-beam and (b) sputter samples. In both samples, the dominant phase is Cu20 at

the beginning of the RTSP oxidation, followed by CuO that starts forming later (after ~40
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days) in the e-beam sample when compared with the sputter, where CuO formation
appears to begin from the first measurement after deposition (within ~1 day). We define

Rcyo as the ratio of the volume fraction of CuO to the sum of the volume fraction of CuO

Cuo(w)

and that of Cu20: RCuO = m

(%). It appears that the cross point where R, =

50% (the point where Cu0% and Cu,0% trend lines cross) occurs later in the e-beam
sample (after ~140-150 days) than in the sputter sample (after ~70-80 days), leading to a

lower R, in the e-beam sample after 253 days of RTSP oxidation.

To elucidate the observed oxide composition change shown in Figure 4-3, a simple
thermodynamic assessment for the three phases, cuprous oxide, cupric oxide and copper
is conducted as follows. The formation of Cu20 on Cu with a source of oxygen (either
H20 or O2) is more energetically favorable than that of CuO during the RTSP oxidation.
Enthalpies of formation AH]9 for Cu20 and CuO on Cu are —40.8 + 0.5 kcal/mol and
—37.7 £ 0.5 kcal/mol , respectively. This is qualitatively consistent with Figure 4-3
indicating that Cu20 will primarily form if there is an available Cu supply, near the Cu
surface and during the early stages of the Cabrera-Mott’s inverse-logarithmic growth, with
copper ions drifting through the existing oxide. In addition, CuO appears to preferentially
form on Cuz0 in the later stages of the RTSP oxidation as seen in Figure 4-3. This is
qualitatively consistent with the enthalpy of formation of CuO on Cu20 being AH}’ =
—33.63 £ 0.05 kcal/mol under the circumstance that once Cu20 is formed on Cu, further
oxidation takes place from the surface of Cu20 into CuO provided a less efficient Cu
supply and more efficient O supply. All thermodynamic data has been gathered from

JANAF tables 36,
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4.4.4 Complementary copper oxide composition measured with XPS
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Figure 4-4. XPS after 220 days of RTSP oxidation time confirms a lower CuO/Cu20 ratio for the (a)
e-beam sample when compared to the (b) sputter sample, with similar values to those obtained

with RE.

XPS of the e-beam and sputter samples was collected after 220 days of RTSP oxidation
time to validate the RE data and to further understand the nature of the native oxides
present in the samples. Figure 4-4 shows the copper 2psz2 spectra of (a) e-beam and (b)
sputter samples collected using XPS. The copper 2ps2 spectral region provides
information about the chemical bonding states of copper, specifically copper bound as
copper metal (Cu®), cuprous oxide - Cu20 (Cu*) and cupric oxide - CuO (Cu?*). The Cu
2ps2 spectra show three primary features: Cu as Cu20 (~932.5 eV), Cu as CuO (~934.7
eV), and satellite peaks from 940 to 945 eV. Satellite peaks are associated with Cu?*
atoms where d-orbitals participate in an excitation that removes energy from the exiting

photoelectron. The area under each of these peaks is directly proportional to the number
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of copper atoms bound in that state in the information volume of the top 4-6 nm (where
most of the signal comes from). The measurements from e-beam and sputter samples
are quite distinct. In the e-beam sample seen in Figure 4-4(a), roughly 50% of the copper
atoms are present as Cu* (cuprous oxide or even copper metal), with 30% of the signal
coming from Cu?* (cupric oxide or copper carbonate). A minimal amount of signal comes
from the satellite shakeup peak, consistent with a smaller amount of cupric oxide (Cu?*).
The sputter sample seen in Figure 4-4(b) shows less cuprous oxide (Cu*) and
significantly more cupric oxide (Cu?*) in comparison to the e-beam sample. Separating
the cuprous oxide peak (23%) and adding the volume of satellite shakeup peaks to the
cupric oxide peak intensity yield 77% Cu?* atoms. We define X, as the ratio of the
atomic ratio of CuO to the sum of the atomic ratio of CuO and that of Cu20. Both samples
appear to be a mixture of oxides; e-beam contains a similar amount of cuprous and
cupric oxide (X0 = 51%), whereas sputter presents less cuprous and more cupric oxide
(Xcuo = 77%). These results, while being atomic percentage, are in good agreement

with the volume phase fraction calculated using RE after 220 days of RTSP oxidation.

4.4.5 Copper and copper oxide surface morphology measured with

AFM
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Figure 4-5. The surface morphology of the as-deposited copper films affects the thickness and
composition of the oxide growth. 3D representative AFM graphs of a) same day deposited e-beam,
b) same day deposited sputter, c) e-beam sample oxidized for 268 days and d) sputter sample
oxidized for 268 days. Z-scale height of all graphs is 3.2 nm.

In order to assess (1) the relationship between surface morphology and RTSP copper
oxidation kinetics and (2) the evolution of the surface morphology upon RTSP oxidation,
AFM was used to scan arbitrary representational areas of the surface of the same day
deposited and the 268 days oxidized samples. AFM 2D scans in Figs. 5(a) and (b) show
surface morphology of same day deposited Cu samples by the two deposition methods,
e-beam and sputter, respectively. Corresponding 268 days oxidized Cu surfaces at RTSP
conditions are shown in Figs. 5(c) and (d). For both e-beam and sputter samples, the
two same day deposited Cu samples show surface morphology rougher than that on their
respective 268 days oxidized films. The average feature size (~20-50 nm) that
characterizes the surface morphology of the same day deposited Cu samples, which we
describe as low frequency features, represents the average size of Cu grains which are
unique to each of the two types of same-day deposited copper samples. The Cu film

deposited by e-beam in Figure 4-5(a) exhibits a smoother surface and larger average
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grain size when compared to the sputtered Cu film in Figure 4-5(b). Correspondingly, the
2D scans of the 268 days oxidized films in Figs. 5(c) and 5(d) appear to preserve the
average grain size and lower frequency features from their respective as-deposited Cu
surfaces. However, both 268 days oxidized e-beam (Figure 4-5(c)) and 268 days
oxidized sputter (Figure 4-5(d)) samples exhibit smaller structures (~5-10 nm), which we
describe as high frequency features, in superposition with the original low frequency
features associated with Cu grains. The smaller high frequency features of the 268 days
oxidized samples can be associated with the morphology and roughness of the oxide
formation over time. Oxide formation on both samples results in a smoother surface than
as-deposited copper for both deposition techniques. However, the same day deposited
e-beam sample exhibits a smoother surface and therefore lower average roughness than
the same day deposited sputter sample, and the corresponding 268 days oxidized e-
beam sample is also smoother with lower average roughness than the aged sputter
sample. Average surface roughness of same day deposited Cu samples and oxidized
samples are listed in Table 4-1. Because the same day deposited scans were taken
shortly after Cu deposition, we assume that the surface morphology closely matches the
as-deposited Cu film surface. It is worth noting that average Cu grain sizes derived from
AFM scans of the same day deposited Cu surfaces are qualitatively useful for discussing
the relative differences between the Cu surface characteristics of each sample.

However, we rely on the more quantitatively precise average crystallite size from XRD
measurements using Scherrer’s equation 37 to compare crystalline morphology of the two

samples.
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4.4.6 Copper crystalline morphology measured with XRD
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Figure 4-6. X-ray diffraction (XRD) shows different crystallite size on e-beam and sputtered copper
films.

X-ray diffraction (Figure 4-7) was used to assess crystallographic characteristics of the
Cu films. All the Cu films were found to be polycrystalline. Scherrer’s analysis 37 was
used to calculate average crystallite size (standard deviation ¢ = £0.6 nm). It was found
that the e-beam Cu film has an average crystallite size (15.8 nm) larger than that of the
sputter (11.0 nm) Cu film, which is consistent with the qualitative observations on the
difference in average Cu grain size indicated in AFM scans from Figure 4-5. A
comparison made on peak intensities I(hkl) — diffraction peak intensity of a copper hkl
plane - associated with specific crystallographic planes indicates that both 1(200)/1(111)
ratio and 1(200)/1(220) ratio are higher in the sputter sample than in the e-beam sample

as summarized in Table 4-1.

45 Discussion
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E-beam Sputter

Day 0

Day1

Day 253

Figure 4-7. The e-beam sample, initially smoother and with a larger grain size, developed a thinner
oxide at a slower growth rate over time, with less cupric oxide volume fraction than the sputter
sample. The illustrations schematically represent e-beam/sputter samples (a)/(b)as-deposited,
(c)/(d) after 1 day and (e)/(f) after 253 days of RTSP oxidation.

Our results clearly suggest that the thickness, composition and surface morphology of the
resulting copper oxide films are related to surface morphology and crystallinity of the as-
deposited copper films. Figure 4-7 schematically compiles all our findings: the e-beam
sample, with a larger crystallite size, smaller surface roughness, lower [(200)/I(111) ratio
and lower 1(200)/1(220) ratio, developed a thinner copper oxide after 253 days of RTSP
oxidation at a slower growth rate than the sputter sample (Figure 4-2). CuO started
developing later on the e-beam sample (after ~40 days) than on the sputter sample
(within ~1 day), and the cupric oxide volume fraction ratio R.,, of the e-beam sample
was lower even after 150 days at which the e-beam sample reached R.,, = 50% (Figure
4-3). Furthermore, the surface roughness was found to decrease over time both in the e-
beam sample and in the sputter sample after oxide growth. Notably, the volume fraction

Rcy0 Calculated based on the RE measurements is in good agreement with the XPS
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atomic ratio X,,. The structural and chemical quantities for the as-deposited copper

films and for the copper oxide films are summarized in Table 4-1.
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Table 4-1. Reflectometry-ellipsometry (RE) measurements over time show that copper oxide
thickness and composition depend on roughness and crystallinity of the as-deposited copper film.
The additional results obtained by the complementary characterization methods (i.e. XRD, AFM,
XPS) support those obtained solely with RE.

Characterization
E-beam Sputter .
technique
Average crystallite size 15.840.6 11.040.6 XRD
(nm)
EJ_ 1(200)/I(111) ratio 0.29 0.33 XRD
o
8 1(200)/1(220) ratio 1.26 1.84 XRD
Surface roughness (nm) 0.222 0.374 AFM
Surface roughness after 268
0.144 0.302 AFM
days (nm)
5 h 1 | 0.71-0.07-In(t) 0.58- RE
o .71-0.07-
,g Inverse growth rate (nm) 0.08-In(t)
o Oxide thickness after 253
g_ 3.13+0.04 6.59+0.04 RE
oy days (nm)
o
e R.,o after 220 days (%) 5145 7345 RE
X0 after 220 days (%) 51+10 77+10 XPS

An effort is made to understand the relationship between the as-deposited copper film

and the formation of copper oxide by RTSP oxidation. Preferential surface orientation (i.e.
the dominant crystallographic plane) and extended surface characteristics (e.g. surface
roughness and grain boundaries) are expected to control the growth kinetics of the
formation of copper oxide on polycrystalline copper under a given thermodynamic driving
force. In other words, in our experiments, two factors are: 1) the role played by the
extended surface characteristics of the as-deposited copper in the nucleation of copper
oxide in the early stage of the RTSP oxidation and 2) the thermodynamic evolution of a
specific copper oxide phase within a growing copper oxide. Grain boundaries and other
extended defects on Cu surfaces are known to provide nucleation sites for oxide islands

38, More effective surface area present within a unit area on rough surfaces receives an
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increased amount of metal and oxygen species. In addition, depending on their size,
grains that appear on a copper surface can also contribute to variations in surface energy
by providing grain boundaries that act as excess energy sources (e.g. mechanical strain
and localized electric field along grain boundaries). Larger grain size is associated with a
slower oxide growth rate 3°, suggesting that smaller grains promote faster oxidation as
seen in the sputter sample (Table 4-1). Furthermore, the extent to which oxidation is
promoted is expected to depend on a specific environment provided by different
crystalline planes. Studies on single crystal copper films show that (100) crystalline
surface has a faster oxide growth rate than that on (111) or (110) /. This preferential
growth of oxide on the (100) surface also applies to polycrystalline films — as-deposited
Cu films used in our experiment - making (111) and (110) surfaces more resistant to
oxidation 2. As shown in Table 4-1, the sputter sample with higher 1(200)/1(111) and
1(200)/1(220) ratios developed an initially thicker copper oxide film and grew at a faster
rate over the rest of RTSP oxidation. From thermodynamics, both cuprous and cupric
oxide phases are expected to form concurrently; however, the formation of Cu20 appears
to be preferred at the beginning when a kinetic view - the copper ions diffusing through
the oxide film — is added and driven by the fact that the formation of Cuz0 is
energetically more favorable than that of CuO on the Cu surface. Once the diffusion of
Cu ions through the oxide film slows down, the Cu20 growth slows down
correspondingly, and the formation of CuO directly on the Cu20 surface becomes
predominant for given oxidation conditions. In other words, when the Cu20 growth rate
falls below a certain critical point, the formation of CuO on the Cu20 surface through the
oxidation of Cu20 is expected to be energetically preferred, further suppressing down the
Cu20 growth (Figure 4-3). Isshiki'6-3° studied RTSP oxidation on two different sputtered
copper samples with different initial structural characteristics obtained by tuning substrate
bias during the deposition. After 53 days of RTSP oxidation, the unbiased Cu film with a

relatively smaller crystalline size, more surface defects, rougher surface morphology and
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with apparent columnar structures when compared to the biased Cu film developed a
thicker copper oxide film with a higher R, ratio than that of the biased Cu film. These
results qualitatively agree with our results, and we believe that if an oxidation time much
longer than 53 days was used in the Isshiki’s experiment63° (note: the RTSP oxidation
time was 253 days in our experiment), they would have eventually seen the development
of CuO on the biased film. Clarke?6 also suggests that the voids and thicker Cu regions
present in single crystal copper films provide extra copper surfaces for oxidation, which
seems to be consistent with the assertion derived from our study, as well as the
observations by Zhou38, in that, grain boundaries and other extended defects promote
oxide growth. Furthermore, the presence of extended surface defects would increase

oxygen dissociation from Oz or H20 on Cu and on Cuz0 surfaces.

4.6 Conclusions

The formation of copper oxide film under RTSP oxidation (i.e. the change in thickness
and composition of the oxide over time) on two polycrystalline copper films with different
crystallinity and surface morphology was studied using reflectometry and ellipsometry
(RE) measurements fitted with an EMA model. The thickness followed an inverse
logarithmic growth rate, showing good agreement with what was suggested by Cabrera
and Mott 34, and confirmed by different studies 241825, The cupric (Cu20) and cuprous
(CuO) oxide volume fraction on the resulting copper oxides was obtained using only RE
measurements fitted with an EMA model. XPS was used to validate the analysis solely
based on RE. These suggest that RE measurements fitted with an EMA model is a
reliable method to obtain details of the progress in oxidation of copper (i.e. thickness,
growth rate and composition). Combined with AFM and XRD, the RE measurements
revealed that the crystalline characteristics and surface morphology of as-deposited
copper films primarily determine the thickness and composition of the resulting copper

oxide films. Explicit control on the initial characteristics of as-deposited copper films

91



would allow us to actively design the oxidation to obtain a desired copper oxide film in

terms of its thickness and R, ratio required for a specific device.
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5 Conclusions and future directions

5.1 Conclusions

Throughout this thesis, we have explored several different applications where oxidation
kinetics play a key role for device fabrication, degradation and even as a characterization
technique for moisture barriers. The combination of design, fabrication and
characterization was used to successfully create structures for specific applications such
as antireflective coatings, waveguides, mode size converters, memristors and selectors.
Conclusions and future directions from every chapter are presented in the following

paragraphs. After that, general future directions for oxidation kinetics are discussed.

5.2 Chapter 2

Multi-cation oxides for solar energy applications were designed, fabricated and
characterized for the S2F project. Funding for the S2F project ended before completion of
the AOC device; however, we learned several concepts that could be applied in the

future.

Continuously graded antireflection coatings were designed to minimize reflections for a
large range of wavelengths and angles in the solar spectrum; fabrication was
demonstrated, but it was stopped before a set of samples large enough was
characterized to draw any substantial conclusions. Depositing ARCs with multi-cation
oxides and/or fluorides could achieve very low reflection and be used for applications
where a high index is present. Semiconductor lasers suffer from loss between the gain
medium and its surrounding medium,! OLEDs present high reflectivity hindering external
guantum efficiency between the transparent conductive electrode, the substrate and the
active layer present in an OLED structure.? All these and many other applications would
benefit from continuously graded ARCs. Deposition with sputtering or atomic layer

deposition is possible with monolayer precision.
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Multi-cation oxides were deposited using a pDC magnetron sputtering system with RF
substrate bias. Titanium hafnium oxide alloys showed an increased refractive index and a
decreased grain size when RF substrate bias power was used. After the enhancement in
optical properties and density with RF substrate bias was demonstrated, multi-cation
oxides deposited using this same technique were then studied as moisture barriers.
Aluminum titanium oxide alloys were deposited with a range of molar fractions, from
aluminum oxide, through different AlxTi1xOy combinations, showing how intermediate
molar fractions were better moisture barriers that their single-cation counterparts. From
these studies, it appears that the combination of a deposition system producing high ion-
to-neutral flux and multiple cations leads to more dense, lower loss dielectrics that can be
used for optical and optoelectronic applications in need of materials in this refractive

index range.

Low loss waveguides in the visible and near-infrared (VNIR) spectrum could enable
innovative technologies to be used at the VNIR range, since traditional dielectrics used
for telecommunications wavelengths present high transmission loss when the wavelength
decreases. The combination of pDC magnetron sputtering target power and RF substrate
bias reduced loss without annealing, increasing the integration capabilities of dielectric
waveguides in organic substrates or silicon photonics.3# Furthermore, these waveguides
were deposited in transition-mode sputtering, with deposition rates as high as 1.28 nm/s.
AlOx waveguides with n=1.6 were fabricated with «=1.55 dB/cm without annealing. New
oxides such as HfOx or multi-cation oxides such as AlTixOy or SiTixOy can be deposited

with a desired refractive index to match the refractive index of specific applications.

5.3 Chapter 3

In this chapter, it was shown how a combination of simulations and fabrication led to a
functional device using oxidation kinetics. A selector-memristor structure showed a

nonlinear memristive I-V behavior after electroforming. After successfully developing a
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self-aligned selector-memristor structure we realized that the electroforming via Joule
heating step requires further investigation. Time-dependent simulations are now studied
to understand this process better. Once this is understood and all the physical
parameters that we know of are introduced, the materials’ properties can be tuned to
improve this process. Anisotropic materials with different axis-dependent thermal and
electrical properties can be used to reduce device scale and further optimize nonlinearity
and memristive the I-V behavior. Moreover, the demonstration of this devices remains a
laboratory experiment; there is much work to be done until the repeatability of this

process becomes consistent enough to be used in an industrial environment.

5.4 Chapter 4

Chapter 4 is devoted to a classical mechanism, oxidation of room temperature and
pressure of copper. Reflectometry-ellipsometry (RE) is used in conjunction with an
effective medium approximation (EMA) model for data fitting. As a result, thickness and
phase composition can be routinely monitored over large areas for a period of 253 days.
Results show how copper oxide follows an inverse-logarithmic growth rate, and how
Cu20 seems to form first, and then CuO grows on top of Cu20 afterwards, agreeing with
thermodynamic assessments. The initial thickness, growth rate and phase composition
appear to be related to grain size and surface roughness of the initial thin-film copper,
deposited by e-beam evaporation or sputtering. Following this experimental study, MD
simulations of this material system would extract which parameters affect oxide growth. A
parametric study could predict the optimal surface and grain size copper to slow down
copper oxide growth (which would benefit copper oxide interconnects) or to control the
oxide such that a precise thickness and Cu20/CuO ratio could be achieved just by letting
copper sit in an ambient environment. The thickness that can be achieved for this
process is very limited (~10 nm), so fabricating thick copper oxide structures (such as

solar cells) is out of the scope of this work. Copper oxide presents ionic growth, so a
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fundamental study regarding this process could lead to a better understanding of volatile

conductive bridge (VCB) formation for nonlinear I-V devices.

5.5 Future directions

For future directions, exploration of computational/theoretical models seem fitting to
further understand the fundamental physics behind oxidation kinetics. Given the
continuously changing states of the material(s) under study, numerical simulations can be
a useful tool. Molecular dynamics (MD) are currently being studied to understand copper
oxidation following De Souzas’s work.> MD combined with Monte Carlo (MC) could
provide further insights into how pDC magnetron sputtering combined with substrate bias
interact during deposition. For longer times (ms) and larger structures (10-100s of nm),
MD and MC are too computationally costly to be used. Thus, regarding device fabrication
using oxidation kinetics, the NECTAR group is currently running time-dependent partial
derivative equation (PDE) studies to understand and optimize electroforming of nonlinear
I-V devices. In materials science and engineering, understanding a device from the
atomic scale all the way up to the electrical and optical output will further optimize
existing devices and enable the fabrication of novel structures for energy and

bioengineering applications.
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