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ABSTRACT

Structure-Property Relationships in Amorphous Transparent

Conducting Oxides

Stephanie Lucille Moffitt

Over the last 20 years a new field of amorphous transparent conducting oxides (a-TCOs) has
developed.! The amorphous nature of these films makes them well suited for large area
applications.” In addition, a-TCOs can be made at low temperatures and through solution
processing methods.*® These assets provide promising opportunities to improve applications
such as solar cells and backlit displays where traditional crystalline TCOs are used. In addition, it
opens the door for new technological applications including the possibility for transparent,
flexible electronics.” Despite the recent growth in this field, fundamental understanding of the
true nature of conductivity and the amorphous structure in this materials system is still
progressing.

To develop a greater understanding of a-TCOs, structure-property relationships were
developed in the a-IGO and a-IZO systems. From the combination of element-specific local
structure studies and liquid quench molecular dynamics simulations it is clear that a degree of

structure remains in a-TCOs. By understanding this structure, the effect of gallium on thermal



stability, carrier concentration and carrier mobility is understood. The source of charge carriers

in a-1ZO0 is identified as oxygen vacancies through the application of in situ Brouwer analysis.

The continued development of the Brouwer analysis technique for use in amorphous oxides adds

to the available methods for studying defects in amorphous systems. Finally, the foundational

knowledge gained from the in-depth study of a-IGO was extended to understand the role of

combustion processing and pulsed laser deposition as growth methods for transistors based on

a-1GO.
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CHAPTER 1: Introduction

1.1 Motivation

Transparent amorphous (a-) oxides, for example SiO,, are historically classified as electronically
insulating. However, recent advances in the field of transparent conducting oxides (TCOs) have
shown that heavy post-transition metal oxides (In-O, In-Zn-O system, In-Ga-Zn-O system etc.)
can maintain high carrier content (>10*° cm™) and more impressively high mobility (>60cm*/Vs

%19 This new class of amorphous, transparent conducting oxide

in In-O) in the amorphous state.
materials (a-TCOs) holds promise for a wide range of technological applications. Amorphous
materials have an advantage over polycrystalline TCOs because they can be deposited at low
temperatures to create highly uniform, smooth films that lack grain boundaries. These qualities
make them ideal for large area applications such as flat panel displays, solar cells, and smart
windows.'' In addition, their characteristic low deposition temperatures (even room temperature)
present the possibility for low cost deposition on lightweight delicate substrates, like plastic,
opening the door for fully transparent, flexible electronics. '’

Some amorphous oxides have already seen commercial success, most notably a-IGZO

(amorphous indium gallium zinc oxide), which is replacing amorphous silicon as the channel

layer in the thin film transistors of mobile displays.'> Despite obtaining commercial success,
y play p g
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issues of stability persist. In order to fine-tune processing and inform the next generation of

materials, amorphous conducting oxides must be fully understood on a fundamental level. Many

of the benefits these materials gain from their amorphous state also present significant challenges

to fundamental studies. The pursuit of fundamental understanding has proven to be challenging.

The characterization and modeling tools used to understand crystalline TCOs often cannot be

used or must undergo significant modifications before being applied to a-oxides. This work seeks

to expand the field of amorphous oxides by furthering the development of tools and

methodologies used for characterizing amorphous oxides in the uniting goal of understanding the

structure property relationships in these materials. A strong fundamental knowledge of

structure-property relationships in amorphous oxides will inform their optimization and expand

the range of potential application

1.2 Outline

This dissertation is organized into 8 chapters. Background information on the current literature

exploring defects in a-TCOs and the structure and thermal stability of TCOs is provided in

chapter 2. Chapter 3 provides an introduction to the synthesis and film characterization

techniques employed in this work. Chapters 4 and 5 both explore the structure-property
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relationships in a-IGO. Chapter 4 looks at the effect of Ga on the thermal stability of a-IGO

while chapter 5 investigates the role of Ga in the thermal properties of a-IGO. The dominant

point-defect mechanism and the source of charge carriers in a-I1ZO is identified in chapter 6.

Chapter 6 also discusses the application of Brouwer analysis to amorphous oxide films. Chapter

7 expands the work of chapters 4 and 5 to explore the effect of processing method on the

structure, properties and TFT performance of a-IGO films. Both combustion synthesis (a solution

processing method) and pulsed laser deposition are studied in this chapter. Chapter 8 concludes

the dissertation and provides recommendations for future work.
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CHAPTER 2: Background

2.1 Local Structure Studies

The study of oxide materials draws great strength from the understanding of structure property
relationships. Knowledge of lattice parameters, space group, symmetry, and atomic coordination,
have informed the understanding and exploration of almost all classes of oxide materials. In
amorphous materials which lack crystalline order, and thus produce no diffraction pattern,
knowledge of atomic positions is much harder to obtain and consequently even harder to model
and predict. However, despite the absence of long-range order, amorphous oxides are not
completely without structure. Both experimental methods and computational modeling have

13-16

been successful in probing the local structure that persists in these materials. X-ray

absorption spectroscopy (XAS) has been the most widely successfully experimental
technique.'*°

Thus far, most local structure studies have been done on materials which have seen
commercial success, a-IGZO and a-ZITO (Zn and Sn doped In,Os).'* '® However, in these
multiple-cation oxides the contributions from each are difficult to elucidate. More recently, in

depth studies by the Chang group have looked at the un-doped parent oxide, a-indium oxide

(a-10), to gain greater clarity with respect to the role of deposition temperature on the local
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structure.”” This study also demonstrated the power of using molecular dynamics simulations in
tandem with experimental local structure studies to further expand structure property
relationships. Probing the effect of dopants in binary cation systems is the next logically step in
moving towards a complete picture of structure-property relationships in amorphous oxides.
Gallium is often cited as being crucial to stabilizing carrier concentrations of a-TCOs at
semiconducting levels. Yet gallium is most often studied only as a member of the tertiary cation
compound a-IGZO, where the roles it plays in local structure is convoluted by the presence of
zinc. In this work, we pair in-depth XAS with liquid quench molecular dynamics (MD)
simulations to provide greater strength to the understanding of the second and third shell
structure in a-IGO. In addition, element specific anomalous X-ray scattering measurements are
performed by to produce element sensitive pair distributions functions that confirm XAS and

MD simulation results and experimentally probe the structure of amorphous oxides out to 12A.

2.2 Defects and Charge Carriers

The study of defects plays an important role in understanding the properties of many materials
systems; transparent conducting oxides are no exception. Defects are inherently tied to the

intrinsic production of charge carriers.'” An understanding of the relationship between defects
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and carrier production is important for controlling many TCO properties including conductivity,
photoconductivity, carrier mobility, and optical transparency.'®"” Control of carriers is also
critical in applying AOS as the channel layer in thin film transistors. Efficient TFTs depend on
the ability to easily and reliably turn the flow of charge on and off. Thus, controllable carrier
concentration is inherently tied to the production of efficient and reliable TFTs.

Without the established order of a crystalline lattice, identification of defects in amorphous
oxides appears insurmountable. However, many amorphous oxides, e.g. a-In-O, demonstrate

10, 18, 20-21 . .
n T Therefore, defects must exist in these

intrinsic, controllable carrier concentration.
materials. Though quantification of the subtle structural and compositional difference between
amorphous oxide films is challenging, differences in the performance of these materials confirm
that all amorphous structures are not equivalently disordered.'® First-principles calculations by

Kamiya et al.”

highlight the importance of local structure in carrier production; an oxygen
“vacancy” was demonstrated as either a trap or a carrier producing defect dependent upon the
local structure. Control of carrier concentration in amorphous oxides through traditional doping
mechanisms also proves to be a challenge (Fig. 2.1). For instance, when Zn®" is substituted for

In’" in a-In-Zn-O, the material remains an n-type semiconductor and sees minimal (>> 1 order of

. . . . 9.23-24 ..
magnitude) changes in the carrier concentration.” A similar lack of response of amorphous
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oxides to traditional extrinsic doping is seen in a-ITO. No change in the carrier concentration
follows the Sn concentration in the amorphous films. It is only once the films crystallize that

carrier concentration depends on Sn concentration.”
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Figure 2.1 Comparison of carrier concentration (n) as a function of substitution fraction
(at%) of secondary cations in the amorphous indium oxide and amorphous tin oxide
systems. Measurements and film synthesis performed by Dr. D. Bruce Buchholz.

Multiple studies have explored the effect of oxygen pressure during film deposition in order
to tailor the conductivity and photoconductivity response of amorphous oxide materials.'® **!

These results have suggested that oxygen vacancies are the primary source of carriers in
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amorphous oxide materials. However, direct experimental evidence of the dominant defect
mechanism has only recently been reported. Work by Lee et al*® and Adler et al”’ have
provided experimental results pointing to oxygen vacancies as the dominant defect species in
a-1Z0 (Iny03-Zn0O) and a-1GZO, respectively. Both groups employed the method of Brouwer
analysis, a well-established technique for identifying dominant defect mechanisms in
polycrystalline materials. Traditional Brouwer analysis is conducted with bulk polycrystalline
samples at high temperatures (above 600°C) where carrier concentration is driven to equilibrium
at different oxygen partial pressures (pO,).”*>'A log-log plot of the resulting equilibrium
conductivity vs. pO; yields a signature slope consistent with the underlying defect mechanism.

The amorphous nature of a-TCOs provides several challenges to traditional Brouwer
analysis. Of particular importance is the limit of temperature, which must remain low to avoid

27,32 .
732 Thus, careful and creative measures must be

both recrystallization and structural relaxation.
employed to extend the method of Brouwer analysis to amorphous materials. In a-oxides,
Brouwer analysis has, to date, only been reported for a-IZO* and a-IGZO?’. In order to further

the application of Brouwer analysis to a-oxides this work seeks to corroborate the results of both

Lee et. al. *® and Adler et al.”’” by applying in situ methods to a-1ZO.
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2.3 Thermal Stability of Amorphous Oxides

The thermodynamically unstable nature of amorphous oxides has promoted multiple inquiries

into the limitations of thermal stability in amorphous oxides.***® The additional of modifying

cations has been shown to increase thermal stability.
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Figure 2.2 Comparison of crystallization temperature as a function of substitution fraction
(at%) of secondary and tertiary cations in the amorphous indium oxide and amorphous tin

oxide systems.

14, 34, 37-39
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The biggest effects are seen with substitutional cations that are significantly larger or smaller
than the matrix cation (Fig. 2.2).** Early work by Ide demonstrated the film densification occurs
at a lower temperature than film crystallization.”> However most thermal stability studies of
amorphous oxides are performed only with ex situ GIXRD after only 1 or 2 air-annealing steps.'*
333741 Recent work at Northwestern has begun to employ in situ studies of crystallization

through both GIXRD and TEM.**>® These studies are paired with theory to begin developing an

understanding of the mechanisms that govern the crystallization of amorphous oxides.
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CHAPTER 3: Synthesis and Characterization Techniques

3.1 Film Growth

3.1.1 Physical vapor deposition

T
B - E

Figure 3.1. In DC magnetron sputtering a conductive target A) acts as a cathode and is
connected to the negative terminal of a DC power supply B). Opposite the target is the
substrate C) on top of the anode D). The chamber is evacuated with a vacuum E) and back
filled with the working gas, typically argon F). Once a glow discharge is maintained,
current flows between the cathode and the anode. Positive gas ions in the discharge strike
the cathode and eject atoms (green arrows) that deposits onto the substrate. Magnetic field

lines (orange arcs) are created over the target to stabilize the discharge. *
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Physical vapor deposition methods (PVD) are used to grow amorphous oxide thin films in a
majority of the literature. In this work, films were grown by two types of PVD methods: DC
magnetron sputtering and pulsed laser deposition (PLD). When depositing amorphous oxides
both methods are expected to give very similar films. The main difference between these
methods is the source of energy used to ablate material from the ceramic target. In both cases a
plume made of atoms and clusters of atoms is released from a target and deposits onto a substrate.
During sputtering a stream of argon ions are simultaneously created and directed towards the
target by applying a current across the deposition chamber (Fig. 3.1). When lower pressures and
minimum target voltage are preferred, magnetic fields are created over the target and a stable
discharge of target material can be maintained. When sputtering employs magnetic fields in this
way it is referred to as magnetron sputtering. When sputtering from a multicomponent target, as
was done for the deposition of a-In-Zn-O (chapter 6), the initial flux can deviate from target
stoichiometry, due to differences in surface binding energy and atomic mass of the target atoms.
Thus, targets must first be brought to steady state before reliable composition can be obtained.*
As the name suggests, pulsed laser deposition uses a high-powered laser to ablate atoms
from the surface of a target. Each laser pulse creates a sub-monolayer distribution of atoms on

the substrate surface. This allows doped films to be created by alternating ablation between
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multiple targets* (Fig. 3.2) as was done for the deposition of a-IGO (chapters 4,5, and 7). In both
PLD and sputtering the target-to-substrate distance and the ablation power must be tuned to
ensure uniform coverage of the substrate. Substrates can be heated or cooled during deposition to
alter the atomic order of the resulting film. PVD methods are typically performed under vacuum
or in an inert atmosphere however, a reactive gas such as oxygen can be introduced into the

deposition chamber to modify the deposited film.*

of

| —

Figure 3.2. Pulsed laser deposition features a 248nm KrF excimer-laser A) which ablates a
ceramic target B). Doped samples are created by rotating C) to choose from different
targets F). Each ceramic target is additionally rotated to ensure efficient ablation of the
target. A plasma plume of material D) is created by the laser and deposits onto the
substrate E). The deposition temperature can be modified by heating or cooling the
substrate holder. Figure adapted from Alex U. Adler's thesis."”
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3.1.2 Solution processing

Solution processing of a-oxides stands apart from PVD methods because of its potential for
roll-to-roll processing of printed electronics. Traditional solution processing requires elevated
substrate temperatures during processing which precludes the use of flexible plastic substrates.’
Recently, the Marks group has applied combustion synthesis a new method of solution

. . 43-44
processing amorphous oxides.

In this method an internal fuel (typically acetylacetone) is
added to an aqueous solution of metal nitrate salts (oxidizers). The internal fuel supplies a source
of energy via the exothermic reaction which occurs upon low temperature annealing (Fig. 3.3).**
This additional source of energy dissipates almost instantly, but it is enough to reduce the global
processing temperature of a-oxide films to 300°C and below. At these temperatures, plastic
substrates are stable.”™*

Combustion synthesis of films is achieved either through a spin coating process (Fig. 3.3)
or a spray coating process. For the spin coating process, the metal nitrate solution is deposited
drop wise onto a substrate attached to a spin coater. After spin coating the sample is placed on

directly onto a hot plate at 200-300°C. This process is repeated 4-15 times to create films

between 10 and 50 nm thick. For the spray-coating process, the metal nitrate solution is sprayed
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through an ultrasonic nozzle directly on to a substrate sitting on a hot plate. In both processing

methods, the final film is placed in a low-humidity box for a final annealing step.

(0]
N
H
NH,*
In3+*
Ga3+

M"™ + acac
+NOy

Figure 3.3. Combustion solution processing begins with an aqueous solution of dissolved
metal nitrates and acetylacetone. This solution is spin coated onto a substrate and then
placed directly onto a hot plate. The metal nitrate solution can also be sprayed through an

ultrasonic nozzle directly onto a substrate sitting on a hot plate.

3.2 Structural Characterization and X-ray Techniques

3.2.1 Ellipsometry
Ellipsometry is a technique that determines film thickness by measuring the change in

polarization direction that occurs when light is reflected from a film. This technique is often used
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for thicker films (~ 1um) that are beyond the resolution of typical lab-based XRR. A beam of
light with known intensity, polarization, and incident angle is reflected from a film. The

polarization of the reflected beam is given by the fundamental ellipsometry equation:

p= :—Z = tan(y)e* (3.1)
Where p is the ratio of reflectivity in the parallel direction (r,) and the perpendicular direction
(rp). w and 4 are measured experimentally and depend on the dielectric constant of the film and
the substrate, as well as the film thickness. In this work, the optical properties of the Si and SiO,
substrates are well established. The Woollam ellipsometry software CompleteEASE is used to fit

the optical constants and thickness of the films. Multiple-Angle-of-Incidence ellipsometry, using

incident angles of 55°, 65°, and 75°, is employed to improve the accuracy of the fits.

3.2.2 X-ray characterization techniques

X-ray techniques are well suited to nondestructively study the structure of thin films, and their
surfaces/interfaces, at multiple length scales. The refractive index (n) of X-rays for materials is
slightly less than unity:

n=1-6-ip (3.2)
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Where 6 is the wavelength-dependent scattering term and B is the wavelength dependent
absorption term. As shown in Fig 3.4A, n being less than 1 causes the refracted angle (a’) inside

the medium to be less than the external incident angle (). This is based on Snell’s law:

cos(a) = ncos(a’) (3.3)

Figure 3.4. A) For X-rays, the index of refraction (n) for materials is less than 1. This
results in the refracted angle (o) of X-rays being smaller than the incident angle (o). B)
When the incident X-ray angle (a) is less than the critical angle (o.), total external
reflection occurs. At this condition, an evanescent wave penetrates into the material with a
rapidly diminishing intensity characterized by an effective attenuation length of 1 to 10 nm.
Figures adapted from Elements of Modern X-ray Physics. "

This relationship dictates that total external reflection will occur at small incident angles a (Fig.

3.4B) that are less than the critical angle (a.), which is a function of the X-ray wavelength (1)

and electron density of the material (p).
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a, = 25:% 4mpr, G4

Here 7y is a constant equal to 2.818 x 10" nm, the classical electron radius. At the critical angle
and below, a highly surface-sensitive evanescent wave exists below the surface; its E-field
intensity decaying rapidly with depth (Fig. 3.4B). In this work In,Os-based samples were
measured with Cu ka rotating anode with A = 1.54A. Given that the electron density of InyOj3is

1.90 e /A, a. is calculated as 0.0064 radians or 0.36°.

3.2.3 Grazing incidence geometry

When studying thin films, the grazing incidence (GI) geometry is often used. Grazing incidence
geometry refers to a being held in the vicinity of a., where the limited penetration depth of the
X-rays (Fig. 3.5) results in maximizing the signal from the film and minimizing the signal from
the substrate. The penetration depth or effective attenuation length (4) of a given incident angle
can be calculated as follows:

A= % (Re{[a? — a? + 2iB]/2})~1 (3.5)
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Figure 3.5. Above the critical angle (o), X-ray penetration depth rises quickly and
approaches sina/u. A suitable grazing angle can be determined based on the thickness of
the film.

3.2.4 X-ray diffraction
With X-ray diffraction (XRD) one can use the presence of a short-range order (SRO) broad peak
referred to as the “amorphous hump” and the lack of X-ray diffraction peaks to confirm the
amorphous nature of oxide thin films. In the case of a crystalline film X-rays are diffracted by
the lattice planes and produce sharp peaks in intensity following Bragg's law:

2d sin(@) = nA (3.6)
Where 0 is the angle between the incident beam and the lattice plane, A is the wavelength of the
X-rays, and d is the lattice plane spacing. Noting not only position of the peaks, but also their

relative intensities, the diffracting phase can be identified. The intensity of each diffraction peaks
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is a function of its structure factor (), Lorentz polarization factor (LP), multiplicity (m), and
absorption factor (A4).
I (hkl) = |F|?-LP-m-A (3.7)
GIXRD can also be used to study of the onset of crystallization during annealing studies.
Scanning a point detector through 20 initially reveals the broad-range, low-intensity scattering
hump from the amorphous film. As crystallization begins to occur the crystalline fraction of the
film diffracts and the 20 scan reveals a superposition of diffraction peaks and the amorphous
hump (Fig. 3.6). In this partially crystalline state the degree of crystallinity can be calculated by

dividing the area under the crystalline peaks by the area under the entire spectrum.
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Figure 3.6. A) In GIXRD geometry the incident X-ray angle (o) is held just above the
critical angle to limit the penetration depth in the material. The point detector is scanned
through a range of 260 angles to collect X-ray diffraction from the crystalline portion of the
sample. B) In a partially crystalline film the X-ray diffraction pattern is a superposition of
the broad scattering hump originating from the amorphous portion of the sample and the

strong diffraction peaks originating from the crystalline portion of the sample.
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3.2.5 X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS) utilizes the photoelectric effect to gain element specific,

chemical state and local structure information. X-rays energies are on the order of the binding

energies of core-shell electrons. When the energy of an incident X-ray matches the binding

energy of a core-shell electron, a photoelectron is ejected and a sharp rise in X-ray absorption

occurs (Fig. 3.7A and B). The rise in X-ray absorption is called an absorption edge; the X-ray

energy at which a Is core-shell electron is ejected is specifically called a K-edge. Since the

electronic structure of each element is unique, the K-edge of each element is unique. The ability

to tune X-ray energies to a specific K-edge is what makes XAS an element specific technique.

The specific energy and shape of an observed absorption edge also provides information about

the ionization state of that element. An element with a higher valence will require additional

energy to eject a core electron, thus the K-edge will be observed at a higher X-ray energy (Fig.

3.7A).
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Figure 3.7. A) Each element has a unique absorption edge that depends on the energy of its
core-level electrons, If an atom is ionized the edge position will shift. B) At the K-edge
energy, X-ray absorption increases because a core-level photoelectron is ejected. The
ability of light to eject electrons is known as the photoelectric effect. C) In a bare atom, or
monatomic gas, the photoelectron leaves the atom and decays. It has no effect on the
absorption spectrum. D) When the excited atom has a neighboring atom, the photoelectron
has a probability of scattering back and causing interference in the absorption. E) EXAFS
data are converted from energy space to inverse space (k-space) before fitting is performed.

F) Fourier transforms of k-space EXAFS data reveal pseudo-radial distribution functions

that are useful for visualizing data.
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In a monatomic gas the ejected photoelectron will escape into the continuum (Fig. 3.7C).

However, in any material more complex, even a diatomic gas, the outgoing photoelectron will

scatter off neighboring atoms causing oscillations in the absorption spectra (Fig. 3.7D). These

oscillations provide information about the local environment around the atom where the

photoelectron originated. Synchrotron radiation sources are typically used for XAS

measurements because the requirement of a continuous range of high energy X-rays generally

precludes the use of lab sources. XAS data analysis is commonly broken up in to two regions

(Fig. 3.8). X-ray absorption near-edge structure (XANES) refers to qualitative analysis of the

data near the absorption edge. XANES data can yield both the ionization state and local

geometry around the element of interest. This information is typically gained by comparing the

data to a reference sample where the ionization state and site geometry are already known.

Extended X-ray absorption fine structure (EXAFS) analysis utilizes the data at higher energies

beyond the absorption edge. The data are fit using the EXAFS equation from which the location,

identity, and number of atoms that surround the atom of interest can be determined.
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Figure 3.8. Normalized absorption as a function of incident photon energy is shown in dark
blue. The absorption of a bare atom is shown in red. XAS is typically broken up in to two
techniques. Analysis of data near the absorption edge reveals the “X-ray absorption
near-edge structure” (XANES) and the data farther out in energy reveals the “extended
X-ray absorption fine-structure” EXAFS.

To derive the EXAFS equation the outgoing photoelectron is treated as a wave. The kinetic

energy (KE) of the ejected photoelectron is equal to the energy of the incident X-ray (%w) minus

the binding energy of the core electron (E£p). Thus, the wavelength of the outgoing photoelectron

(4pe) decreases as the incident X-ray energy increases beyond the K-edge:
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(3.8)
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In the energy range of EXAFS, A, is on the order of A and is therefore ideal for probing

Ape

atomic-scale local structure.

The outgoing photoelectron wave can be treated as a spherical wave that scatters off
neighboring atoms as a function of incident wave (%), scattering probability (f) and the distance
to the neighboring atoms (R). The phase shift (¢) and the scattering probability of the scattered
photoelectron wave are both dependent on the elemental identity of the neighboring atoms.

Wocattered = %fei(ZkRJrq)) (3.10)

Due to quantum nature of photoelectrons, knowledge of the wavelength, and in turn the

momentum, requires that the position of the photoelectron is unknown. Therefore, the true wave

equation at the element of interest () is described by the superposition of both the outgoing
photoelectron wave (%) and the back-scattered photoelectron wave.

Piotar = Yo + ¥scatterea G.11)

In this way, the back-scattered photoelectron influences the emission of photoelectrons from the

element of interest and results in the oscillations of X-ray absorption cross-section. In a

simplified two-atom model the intensity of the absorption spectrum (/) is just the complex

conjugate of the ¥;y1.
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. 2f f? (3.12)
I =% 0taViota =1+ ﬁsm(ZkR + @)+ Rt

The third term is sufficiently small and is therefore neglected. In the full EXAFS equation, a
summation is added to account for the multiple distances of different neighboring atoms.
Typically, the 1* set of neighbors (j = 1) (Fig. 3.8, red atoms) is described as the first shell, the

second set of neighbors (j = 2) (Fig. 3.8, blue atoms) as the second shell.

_2Rj
N;f;(k) sin[2kR; + &; (k)] o-2020% 70
x(k) = Z R -

J

Fitting XAS data to the full EXAFS equation reveals quantitative information about bond lengths
(R), bond disorder (¢7), and coordination number (N). The elemental identity of the neighboring
atoms is derived from the phase shift (p) and the scattering probability (f). Before fitting,
absorption (y(E)) is first normalized to (u«(E)) by subtracting the theoretical absorption of a bare
atom with no neighbors (uy(E)) to isolate the oscillations which contain the local structure
information. *’ Fits are typically performed on data that has been converted to inverse A (k-space)
(Fig. 3.7E). Fourier transforms of k-space data yield pseudo radial distribution functions that are

often useful for visualizing the local structure in real space (Fig. 3.7F).
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3.2.6 X-ray fluorescence

X-ray fluorescence (XRF) is similar to XAS in that it relies on the photoelectric effect. After an

atom absorbs an X-ray and ejects a photoelectron (Fig. 3.7B) the atom briefly exists in an excited

state. The atom relaxes back to the ground state by filling the core-level hole, left behind by the

photoelectron, with an electron from an outer orbital. The binding energy difference between the

outer-shell and the core-shell can be released as an X-ray photon: this process is known as X-ray

fluorescence (Fig. 3.9). Relaxation can also be non-radiative, which leads to ejection of an Auger

electron.

Figure 3.9. Once a photoelectron is ejected by an incident X-ray (blue) from the core (K)
level or outer levels (L), an electron from a higher level (L or M) drops down and the atom
is relaxed. A fluorescence X-ray (green) is released upon this relaxation event. The energy

of the ejected photon depends on the energy difference between the two levels.
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As in XAS, XRF is element specific because the electronic structure of each element is

unique. A single energy X-ray source, Mo K-alpha (E = 17.48 keV) in this work, is used to

excite a sample. Fluorescent lines are then detected at energies corresponding to the elemental

identity of the sample and the orbital origin of the transition. For a given element relaxation

between the M and L levels will result in lower energy X-ray fluorescence than transitions

between the L and K levels (Fig. 3.9). By determining the intensity of fluorescence lines the

composition/atomic ratio of a sample can determined. Quantitative compositional information

requires that fluoresce intensities are corrected for their photoelectric cross section and

fluorescence yield as well as the effects of self- absorption, air absorption, and detector

efficiency (see Appendix A).

3.2.7 X-ray reflectivity

When X-rays are incident on a thin film they can reflect not only off the air-film interface but the

film-substrate interface as well. These two reflecting interfaces result in wave interference and

observed oscillations in the reflectivity intensity. These periodic oscillations in the reflectivity

intensity are known as Kiessig fringes. The spacing of these fringes (4Q) results from the

thickness of the film (7).

i (3.14)

4Q
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Where:

4 sin(?)

- (3.15)

Expanding beyond a simple one-dimensional interference function, the density of the film and
the substrate can be considered. The density contrast of the interface will primarily affect the
height of the thickness fringes (Fig. 3.10). Most physical systems also lack a perfectly sharp
interface and instead have a density gradient at the interface. In the weak (kinematical scattering)

reflectivity region, R < 0.1, the ratio between the measured reflectivity (R(Q)) and that of a

perfectly sharp substrate (R-(0Q)) is a function of the density profile of the interface (f{z)).'> *
oo 2
RQ) _ | [.9f. 0z
Re(@) | e (3.16)

In practice, analysis of X-ray reflectivity data (XRR) is done with the Igor Pro (Wavemetrics)
MOTOFIT* fitting package, which uses the more rigorous dynamical scattering theory from
Parratt’s* multilayer recursion formulation. Model fits of reflectivity data reveal the thickness,
density, and roughness of thin films. Films that are 5-20 nm thick provide the best samples for
reflectivity measurements, especially if interfacial roughness is less than 1 nm. Fringe spacing is
inversely proportional to film thickness and therefore the angular resolution of lab X-ray sources

typically precludes the measurement of thicker films (> 1 um).
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log (reflectivity)
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Figure 3.10. XRR measurements can provide the thickness, density, and roughness of thin

films through the analysis of Kiessig fringes.

3.3 Electrical Characterization

3.3.1 Hall probe

Utilizing the Hall effect, carrier type, carrier concentration, and mobility can be determined. A
magnetic field is applied perpendicular to the thin film surface and a current is applied
diagonally across the film surface (Fig. 3.11). A resulting Hall voltage (V) is created orthogonal

to both the magnetic field and the current. Applied current (I) and magnetic field (B) are related

to Vy through equation 3.17.

IB (3.17)
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Where e is the charge of an electron and n, is the area carrier concentration. Bulk carrier
concentration () is produced by dividing n, by the film thickness. The identity of the dominant
carriers is given by the sign of n, where holes are shown by a positive value and electrons by a
negative value.” By additionally recording sheet resistance (R,), carrier mobility can be derived

through the following equation:

(3.18)

Figure 3.11. Hall-probe set up: Films are contacted in van der Pauw configuration by four
gold probes. Current is applied diagonally (i.e. from contact 2 to 3) and the resulting
voltage is measured perpendicular (i.e. from contact I to 4). IV curves are run before each

measurement to ensure ohmic behavior.
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CHAPTER 4: The Role of Ga in the Local Structure and
Thermal Stability of a-1IGO

This chapter explores the role of Ga in amorphous oxide semiconductors through combined
theory and experiment. It exposes the impact of Ga substitution on the thermal stability of
amorphous (a-) indium oxide (IO), an effect that has not previously been highlighted. A
systematic study is performed on series of pulsed laser deposited a-In-Ga-O thin films.
Element-specific structural studies (X-ray absorption and anomalous scattering) are combined
with room temperature MD simulations to understand the results of thermal property
(air-annealing) studies. The crystallization temperature of a-1O is shown to increase as much as
325°C by substituting Ga for In. This increased thermal stability is understood by revealing the
persistence of low Ga-O coordination despite the surrounding higher coordinate matrix. Large
changes must occur in the local structure that surrounds Ga, as compared to In, during
crystallization. This understanding suggests that preferred coordination of substitutional cations

is an important consideration for improving the thermal stability of amorphous oxides.
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4.1 Introduction

Much of what is understood about transparent conducting oxides (TCOs) comes from
structure-property relationships that presuppose the presence of long-range order. Crystalline
TCOs helped revolutionize display technology, but their high deposition temperatures prohibit
the use of flexible plastic substrates.'' Required for the new frontier of display technology,
deposition on flexible substrates can be realized with the use of amorphous (a-) TCOs created
through low-temperature deposition. The consequence of low temperature is a loss of long-range
structural order, which negates the use of characterization techniques such as X-ray diffraction
and simulations with periodic boundary conditions. We employ local structure, element-specific,
X-ray measurements, performed at the Advanced Photon Source, to gain an understanding of
how cation composition affects the local structure in a-TCOs. The present investigation
successfully couples these X-ray techniques with ab-initio molecular dynamics simulations. The
close agreement achieved between theory and experiment provides a comprehensive
understanding of the a-IGO structure.

Amorphous indium oxide (a-IO) often serves as the matrix material for oxides
semiconductors used as the channel layer in thin film transistors (TFTs). However, a-10 is not a

viable TFT device material on its own. a-IO has very low thermal stability, which can lead to the
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breakdown of performance at high temperatures.” >’ To optimize the properties of a-IO the
common practice, originating empirically, has been to add both Ga and Zn.'">" Although these
modifying cations improve the TFT performance of a-I0, a fundamental mechanistic
understanding of how these cation modifiers influence the thermal stability of amorphous oxide
is currently unresolved.

This study focuses on isolating the influence of Ga, which is rarely studied in the
absence of Zn. The simpler two-cation system a-In-Ga-O (a-IGO) is employed here to elucidate
the role of Ga in the thermal stability of a-IGO. Thermal stability in amorphous oxides refers to
the tendency of these materials to resist the onset of crystallization. To maintain competitive TFT
mobility, amorphous oxides must avoid nano- or micro- inclusions of crystallites that act as
scattering centers.'” ** Small inclusions of crystalline phase always occur at the onset of
crystallization. Thus, a sufficiently high crystallization temperature (7..y) 1S important to
provide a thermal window for post-deposition processing without initiating crystallization.
Substitutional cations have been shown to inhibit crystallization during post-deposition annealing

as well as crystalline-phase growth from the vapor or solution phases.” >*7% #4133

However, an

understanding of which cations inhibit crystallization and why, is lacking. The results of the

present study show that Ga substitution alone is capable of significantly increasing the 7., of
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a-10. The present structural studies clearly reveal that substitutional Ga cations displace the
amorphous structure farther away from thermodynamic equilibrium, and that to undergo
crystallization, large changes must occur in the oxygen coordination and bonding around the Ga

cations.

4.2 Methods

4.2.1 Film growth

8000

6000 T

Y T

Intensity (counts/sec)

q (A1)

Figure 4.1. GIXRD data at 8.04 keV of a representative a-1GO thin film (8 at% Ga) as
deposited (green, middle) and after air annealing has caused crystallization (red, top). For
reference, the cubic a3 In;Os bixbyite powder' XRD pattern is shown in black (bottom).
The small shift in the peak position is due to the lattice contraction induced by Ga

substitution.
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A series of a-1GO thin films was grown by pulsed laser deposition (PLD) in collaboration with
Dr. Bruce Buchholz of the Chang group. A 248 nm KrF excimer-laser with a pulse duration of
25 ns and a beam energy of 200 mJ/pulse was employed. The beam was focused to a 1 x 2 mm’
spot on the target material. Films were grown in a 7.5 mTorr O, environment and deposited onto
quartz substrates (1 x 1 cm® and 1 x 2 cm® for local structure measurements). A deposition
temperature of -25°C was chosen to ensure all films would be grown amorphous'® (Fig. 4.1).
Various Ga: In ratios were achieved by alternating ablation between an In,O; target and a Ga;Os
target. Less than 1 monolayer is deposited during each In,Os/ Ga,O3; PLD cycle to insure mixing
at the atomic-layer level. To prevent localized heating, the targets were rotated at 5 rpm and the
laser beam was rastered radially. The target-substrate distance was fixed at 10 cm. Ellipsometry
(J. A. Woollam M2000U Ellipsometer) indicated that the films were between 250 and 350 nm
thick.

X-ray fluorescence spectroscopy (XRF) was performed to verify the correct In:Ga atomic
ratio achieved in each film. XRF measurements were performed on an 18-kW rotating anode,
two-circle diffractometer with multilayer monochromated Mo Ka radiation (E = 17.4 keV)
operating at 50 kV and 160 mA. A Kapton bag filled with N, gas was placed over the sample to

limit the signal from Ar. Spectra were taken at an incident angle of 8 = 5°. The horizontal by
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vertical beam footprint at the sample was 0.6 x 6.3 mm® and the total collection time for each
sample was 10 minutes. XRF data were collected with a Vortex-EM 350 pm thick silicon drift
detector. The detector to sample distance was 8§ mm. The Ga K and In L fluorescence yields were

background subtracted, dead-time corrected and corrected for the different XRF

54-58

cross-sections™ ~ and detector efficiency. See table below for example calculation:

A Dgq

D=2 =+C E= Dot D (4.1)
Integrated XRF Detector Corrected Atomic
area of the cross-section | efficiency peak percent Ga
peak intensity
A) (B) © (D) (E)
GaKalpha | 2197077 2452.585 0.9618 861.6 41.9%
In L alpha 198893.0 166.8097 1.000 1192

4.2.2 Crystallization study

Grazing incidence X-ray diffraction (GIXRD) was performed using a Rigaku Smartlab
instrument with a multilayer monochromated Cu rotating anode source. GIXRD was used to
study the thermally induced film crystallization process. The incident angle of the 8.04 keV
X-ray beam was set at 0.4°. The critical angle for In,Os is 0.37° at this energy. A GI geometry
was used to avoid scattering from the substrate. To determine the 7., each film was subjected

to a heat-quench-measure cycle. Samples were heated in air for 1.0 h and then quenched to 25°C.
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Heating began at 50°C and was increased in each cycle by 25°C until strong crystalline
diffraction peaks could be observed (Fig. 4.1). We use this to define the 7y, above which no
further change in the diffraction pattern is observed. All crystalline samples were fit using whole
pattern fitting in the MDI Jade software package (Materials Data, Inc., Livermore, CA) to

confirm the crystalline phase and determine lattice parameters.

4.2.3 Short and medium-range structural characterization

The structures of the a-IGO films were studied using X-ray absorption spectroscopy (XAS) and
X-ray scattering techniques. Both X-ray absorption and X-ray scattering measurements were
carried out in collaboration with Dr. Qing Ma using synchrotron X-rays delivered from the
bending magnet 5-BM-D beamline of the DuPont-Northwestern-Dow Collaborative Access
Team at the Advanced Photon Source (APS) of Argonne National Laboratory. The beamline is
equipped with a Si (111) double-crystal monochromator with energy resolution of AE/E =
1.4x10™, a vertical collimating mirror, and a vertical focusing mirror. Both the reflecting
surfaces of the mirrors are Rh-coated. The maximum cut-off energy is ~21 keV. These mirrors
were used in our X-ray scattering measurements for harmonic rejection and increasing the X-ray
flux density (by ~10 fold). For X-ray absorption measurements, the harmonic rejection is

achieved by detuning the monochromator. The incident X-ray intensity was detuned to 60% of
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its maximum. XAS data were collected in fluorescence mode at the In and Ga K-edges,
respectively, using a 4-element Si-drift detector (Vortex-ME4) with DXP-XMAP electronics
(XIA LLC). The peaking time for pulse-height analysis was set at 1 ps, to insure dead-time
effects were within a correctable range for a total counting rate that never exceeded 80,000 cps
(counts per second) per detecting element. The samples were held vertically and the X-ray
incidence angle was set at 54° to ensure that the best average structure was measured. The
Vortex-ME4 detector was placed 90° to the X-ray beam direction or 54° to the sample surface
normal.

For amorphous materials, the XAS measurements reveal, in most cases, only the structure
of the nearest neighbor surrounding the atom of interest. In order to probe the structure beyond
the first neighbor, grazing-incidence wide angle X-ray scattering (GIWAXS) measurements at a
photon energy of 15.00 KeV and anomalous GIWAXS (A-GIWAXS) measurements around the
Ga K edge were carried out. The former produces a pair distribution function (PDF) of the
averaged structure. The latter produces a PDF of the structure around the Ga atoms in the form of
a differential (d-) PDF. The grazing incidence angle was set between 0.4 and 0.5°, which was
sufficient to remove substrate scattering. The incidence X-ray beam size was 0.1x8 mm?’. The

beam intensity was monitored by an ion chamber. A Huber four-circle diffractometer was used
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to ensure proper sample alignment. The same Vortex-ME4 detector was used on the 260 arm to
increase data collection efficiency since the amorphous state scatters weakly. This is crucial, in
particular, for the A-GIWAXS measurement around a dopant edge, say, 10 at% doping for which
statistics of < 0.1% are desired. A double-slit system, with a pair of detecting elements behind
each slit, was used to define two separate 20 scattering angles. A second double-slit system was
placed halfway between the detectors and the sample and used as guard slits to remove stray
scattering. Air scattering was minimized by using evacuated flight paths for both the incident and
scattered beams. Both scattering (inelastic + elastic) and Ga K, fluorescence emission intensities
were collected, simultaneously. The latter were used to remove the distortion due to the GI

geometry.

At 15.00 keV, the GIWAXS data were measured up to q = 15 A”'.  For the A-GIWAXS
the g-range was limited by the absorption edge energy to ~10.4 A™'. The A-GIWAXS technique
takes advantage of the significant change in the atomic scattering factor:

S E)=fo(q)~f " (B) +if “ (E) (4.2)
Around the absorption edge of an element of interest, i.c., Ga in the present work.” Two
scattering measurements are needed at different photon energies, one is 100 eV below the Ga K

absorption edge (10367 eV) and the other is 2 eV below the edge. The difference of these two
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measurements yields a difference-pair distribution function (d-PDF) that describes the structure

around Ga. Therefore, the A-GIWAXS provides element-specific local structure, similar to XAS.

4.3.4 Data reduction
For XAS, the data analysis and extended X-ray absorption fine structure (EXAFS) fitting were
done using the iXAFS package.”® Several photoelectron wavenumber, k, ranges were explored to
test the persistence of the results. Fittings of the first shell structure were carried out in real space
in the R-range of 1.0 —2.3 A and 1.0-2.4 A for the Ga and In K-edges, respectively. Data in the
k-range of 2.59-13.31 A™' for the Ga K-edge and in the k-range of 2.29 -12.43 A™' for the In
K-edge, were used. The amplitude reduction factors, S0?%, of 0.98 for the Ga K-edge and 1.04 for
the In K-edge were determined from fits of the two crystalline reference samples (In,O3; and
Gay03).

For GIWAXS, the measured scattering intensities, /,,, were scaled (using scaling factor B)
to the atomic scattering intensity, /~, in electron units:

Ln* B =(f*+Ie) (4.3)

Using the so-called high-angle method®' -- the region where scattering modulations are vanishing.

From here, the structure factor, S(q), or interference function was obtained:

S(@)—1=[L—{(f*)+ L}V (f) (4.4)
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Whose Fourier transform yields the PDF. I, and ;. are the elastic and inelastic intensities,
respectively. Both f; and I;,. were obtained using tabulated values®*® while f ’(E) was obtained
by performing the Kramers-Kronig inversion of f/’’(E), which was measured on the a-IGO film
through the absorption channel. For A-GIWAXS, the data processing procedure is similar,
except that the Kg emission intensity is removed from the measured scattered intensity, since it is
unresolved when the measuring energies are close to the absorption edge. After that it is straight
forward to obtain a differential structure factor, d-S(q), the Fourier transform of which yields the
d-PDF, which is the probability of finding an atom at distance R from a Ga atom.
4.3.5 Theoretical methods
The amorphous oxide structures were generated by Prof. Julia Medvedeva using first-principles
molecular-dynamics (MD) liquid-quench simulations as implemented in the Vienna Ab-Initio
Simulation Package (VASP).®*®” The calculations are based on the density functional theory

177" within the

(DFT)**® with periodic boundary conditions and employ the PBE functiona
projector augmented-wave method.””” A bixbyite cell of In,O3 with crystalline density of 7.12
g/em’ and with 134 atoms per cell was used as initial structure which was melted at 3000 K to

eliminate any crystalline memory. For Ga-doped indium oxide, random In atoms were

substituted with a specific fraction of Ga (11%, 19% or 41%) and the cell density was adjusted
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prior to additional melting at 3000 K for 10 ps to randomize the multicomponent configuration.
To model non-stoichiometric structures, oxygen atom(s) were randomly removed from the melt
prior to additional melting. Next, liquid quench simulations were performed as follows. Each
structure was cooled to 1700 K at the MD rate of 100 K/ps and then rapidly quenched to 100 K
at 200 K/ps rate. An energy cut-off of 260 eV and single I" point were used during melting and
quenching processes. Finally, each structure was equilibrated at 300 K for 10 ps with a cut-off
energy of 400 eV. All MD simulations were carried out in the NVT ensemble with the
Nose-Hoover thermostat using an integration time step of 2 fs.

To compare the structural characteristics of the theoretically modeled amorphous oxides
to those observed experimentally, room-temperature In-Ga-O structures were used. For an
accurate structural analysis of the theoretically modeled amorphous oxides, the average pair
correlation function and the average effective coordination number were calculated according to

747 The resulting atomic structures were plotted using VESTA software.”’

refs.
Next, the atomic configurations obtained from the ab-initio MD simulations were
optimized at 0 K using the PBE functional. For the optimization, the cut-off energy of 500 eV

and the 4x4x4 I'-centered k-point mesh were used; the atomic positions were relaxed until the

Hellmann-Feynman force on each atom was below 0.01 eV/A. The electronic and optical
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properties of the optimized amorphous In-based oxides were calculated using the hybrid
Heyd-Scuseria-Ernzerhof (HSE06) approach’”®” with a mixing parameter of 0.25 and a
screening parameter u of 0.2 A, To characterize the localization of the electronic states within
the band gap and near the band edges, the inverse participation ratio (IPR) was calculated.
Optical absorption was derived from the frequency-dependent dielectric function:

e(w) =¢1(w) +iex(w) (4.5)
Calculated within independent particle approximation as implemented in VASP. The imaginary
part, €2(w), is related to the optical absorption at a given frequency, w, and is determined based
on the electronic transitions of the hybrid functional solution. The real part of the complex

dielectric function is obtained using Kramers-Kronig relations.

4.3 Results and Discussion

In the present study, measurements of 7., were performed for a series of a-IGO films with
varying levels of Ga substitution. The 7t of a-IO is found to be 125°C (Fig. 4.2A), which
agrees well with previously published results.”” With 8 at% Ga substitution (IGOS), the T,
rises to 250°C. The maximum measured 7., is 425°C for 51 at% Ga (IGOS51), with the trend of

increasing 7., With increasing Ga substitution clearly established. All films crystallize in the
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cubic-Ia3 bixbyite phase, labeled c-In,O; (Fig. 4.1). No secondary phases, such as B-Ga,0s, are
evidenced in the final diffraction patterns. The lattice constants (Fig. 4.2B) of the crystalline
phases decrease linearly, in accord with Vegard’s law, further suggesting that Ga is fully
incorporated in the In-O matrix and does not phase-separate. The present lattice contraction,
observed experimentally in this work, is in a good agreement with previous single-phase

simulations of crystalline (c-) IGO films.*
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Figure 4.2. A) Crystallization temperature as a function of at% Ga substitution determined
through 1 hour anneal/quench/GIXRD cycles spaced 25°C apart. Error bars represent the
25°C window of uncertainty between pre- and post- crystallization runs. B) GIXRD
determined lattice constant of the bixbyite unit cell for fully crystallized IGO samples as a
function of Ga substitution. The solid line is a linear least-squares fit to the four data

points. Error bars are smaller than the data points.

The lack of secondary phases in the present crystalline IGO films is surprising from a

thermodynamics perspective. In the In,03-Ga,O3; phase diagram the solubility of Ga in the

bixbyite phase is only 5 at% at 1000 °C. This bulk phase diagram suggests that given enough
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heat and time, the present films would devolve into two-phase structures. The absence of

B-Ga,O3 in our high Ga-content (> 5 at%) films highlights the difference between amorphous

oxide thin films and bulk oxides. Clearly the amorphous films are only kinetically stable, not

thermodynamically stable.

4.3.1 Experimental structure
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Figure 4.3. A) PDF of a-1GO with 17 at% Ga (red). Difference PDF of the structure
around Ga in a-1GO17 (green). Calculated PDF for p-Ga;Os is shown for reference (black
dotted line). B) Measured pair distribution function (PDF) for a-1GO with 8 at% Ga (blue)
and 17 at% Ga (red). Calculated PDF for bixbyite In,O; is shown for reference (black
dotted). The first and second peaks are produced by M-O and M--M distances, respectively.

The first peak is weaker because O is a weak scatterer.

Anomalous X-ray scattering measurements (A-GIWAXS) also reveal the absence of phase
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separation in the IGO amorphous state (Fig. 4.3A, green). From the difference pair distribution
function (d-PDF)*’ we see the structure around Ga does not correspond to that of p-Ga,O5 (Fig.
4.3A, black). The position of the second shell peak is considerably larger than the Ga:--Ga
distance found in B-Ga,O; (Fig. 4.3A, black). In addition, the number and shape of the density
fluctuations around Ga bear great similarity to those of the X-ray scattering derived PDF for the
averaged structure (Fig. 4.3A, red). These consistencies between the PDF and d-PDF results
argue that a homogeneous distribution of Ga ions is achieved by the PLD growth technique.
These distributed Ga ions increase the overall structural disorder of the system. A comparison of
the PDF of IGOS8 (blue) and IGO17 (red) (Fig. 4.3B) shows that as the Ga content increases from
8 at% to 17 at% there is a broadening of the PDF features, indicative of increased disorder. This
disorder affects M--M distances and beyond.

EXAFS analyses of the present a-IGO samples were performed at both the Ga and In
K-edges (Table 4.1). The fits reveal average coordination numbers (N) and bond distances (R).
The local first shell structure of bixbyite (In,O3)*' and B- gallia (Ga,03)** derived from X-ray
diffraction are presented as references. Crystalline In,Os3 has a first shell (metal-oxygen, M-O)
coordination number of 6. Crystalline -gallia has two Ga-O coordination sites, half are N = 4

tetrahedral sites and the other half are N = 6 octahedral sites (Fig. 4.4). In a perfect crystal of
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[-gallia, this results in an average N of 5.

In the present study, all a-IGO samples show significant under-coordination of both In and

Ga, compared to their respective pure crystalline references (Table 1).

A) B)

Figure 4.4. A) -gallia Ga,0; crystal structure.”’ Ga atoms are green and O atoms are red.

B) Bixbyite In;O; crystal structure." In atoms are purple and O atoms are red. Figures

were drawn with the Vesta software package.”’

In addition, despite Ga being well dispersed in the In-O matrix, there is dissimilarity in the
oxygen coordination around Ga versus In. In the amorphous films the oxygen coordination
number around In is approximately 5 but around Ga it is much closer to 4. This trend is echoed
in the fitting results of M-O bond distance. The average length of the Ga-O bond, 1.88 A, is not

unexpectedly far shorter than the average In-O bond length, 2.16 A. Note that the present
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EXAFS-derived 1.88 A Ga-O bond length lies much closer to that for tetrahedral Ga (1.85 A)
than to that for octahedral Ga (2.01 A). Assuming bond distance increases as average
coordination number increases,” a 1.88 A Ga-O bond distance suggests <20% of the Ga sites are

6-fold coordinate.

Table 4.1. First shell (metal-oxygen) EXAFS fitting results of experimental samples compared

with room temperature MD simulations®

)

R R
Samples N Simulations | ECN
A) A)
5 1.93
c-GazO3 1 1
1 1
(from XRD) <§4 + 2 6) (2185 + £ 62.01)
Ga Local
a-1GOS8 425+0.29 1.88+£0.014 a-IGO11 428 | 1.92
Structure
a-1GO17 3.69+0.28 1.90 +0.015 a-IGO19 438 | 1.93
a-1GO51 4.14+0.22 1.88+0.011 a-1G0O41 4.66 | 1.95
In,O
et 6 2.17
(from XRD)
a-10 5.11+0.53 2.16+0.018 a-10 530 | 2.17
In Local
Structure a-1GOS8 5.26 +0.56 2.16 £ 0.023 a-1GO11 520 | 2.17
a-1GO17 5.11+0.53 2.16 + 0.026 a-IGO19 5.13 | 2.17
a-1GO51 476 +0.53 2.17 +0.026 a-1GO41 5.13 | 2.17

YN = coordination number, R =

bond distance, ECN = effective coordination number.
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All of the a-IGO films studied here show a minority of 6-fold Ga sites. Note that Ga prefers the
local coordination of its native oxide, f-Ga,O; (a mixture of 4- and 6-fold coordination), over
that of the amorphous indium oxide matrix, which clearly has a bixbyite-like structure at local-
(Table 4.1) and medium-range distances (Fig. 4.3).

The X-ray scattering measurements in this study provide independent experimental
confirmation of the EXAFS results in table 4.1. Figure 4.3B shows the PDFs obtained for two of
the amorphous films, which are compared with the PDF calculated for the c-In,O; reference. The
first peak positions of the PDFs (Fig. 4.3B) are composed of the weighted sum of the Ga-O and
the In-O bond distances. The downward shift of the first peak from 2.14 A for IGOS8 to 2.12 A
for IGO17 is consistent with the increasing quantity of short Ga-O bonds as the Ga content
increases. Figure 4.3A compares the PDF of IGO17, the d- PDF of IGO17 (the structure
surrounding Ga), and the reference PDF of c-Ga;O;. The comparison highlights the departure
of the Ga first-shell structure from the first-shell structure of the surrounding In-O matrix. The
A-GIWAXS d-PDF (Fig. 4.3A, green) demonstrates an average Ga-O bond length is 1.88 A, in
agreement with table 4.1. Thus, both the EXAFS and A-GIWAXS/GIWAXS results find a
departure of the Ga first-shell structure from the first-shell structure of the In-O matrix: both

support the presence of low Ga-O coordination.
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The tendency to maintain lower coordination within a higher coordinated matrix may
contribute to the increased thermal stability of a-IGO over that of a-10. Increased thermal
stability has been reported in systems with Zn substituting for In, such as in a-IZO or a-ZITO

34, 84-85

(amorphous zinc indium tin oxide), and systems with Zn substituting for Sn, a-ZTO

(amorphous zinc tin oxide)."*

Table 4.2. Comparison of first-shell (metal-oxygen) EXAFS fitting results of as-deposited

(amorphous) versus annealed (crystallized) films, showing changes in coordination numbers and

bond lengths®
Sample N R (A) AN AR (A)
As-dep IGO8 4.25+0.29 1.88+0.014
1.39 0.15
Anneal IGO8 5.64£0.48 2.03 +£0.021
Ga K-edge
As-dep IGO51 4.14+0.22 1.88+0.011
1.16 0.13
Anneal IGO51 5.30+0.63 2.01+£0.028
As-dep IGO8 526+0.41 2.16 +£0.023
0.53 0.01
Anneal IGOS8 5.79+0.53 2.17+0.020
In K-edge
As-dep IGO51 4.76 = 0.56 2.17+£0.026
0.82 0.01
Anneal IGO51 5.58+0.53 2.18 £0.021

YN = metal-oxygen coordination number, R = bond distance. AN and AR = the difference in

coordination and bond distance between as-deposited and air-annealed samples.




79

The capacity of both Ga and Zn to raise the 7, of amorphous oxides suggests that the presence

of distinctly low- coordinated sites suppresses long-range order. Additionally, as a-IGO films

crystallize, Ga transitions to a significantly higher average coordination number and the Ga-O

distance increases (Table 4.2). This observation strongly suggests that 4- and 5-fold coordinated

sites must transition to 6-fold coordinated sites for crystallization to occur. This transition is

supported by the crystal structure of the crystalline films, bixbyite, which consists entirely of

6-fold coordinated metal sites (Fig. 4.4B). This increase in coordination number (AN), and the

resultant increase in bond distance (AR) is far larger for Ga than for In. The increase in Ga

coordination number upon crystallization is almost twice that of In. Additionally, the AR for the

In-O bond distance is negligible, especially in comparison to the AR of the Ga-O bond. Thus,

because of the capacity to maintain a unique local structure within a more highly coordinated

matrix, Ga substitution creates a barrier to crystallization.

4.3.2 MD-simulated structure

The results of ab-initio MD simulations support our experimental observations and provide

further insight into the effect of Ga substitution on the structural properties of amorphous 1GO.

Specifically, in excellent agreement with our EXAFS results, table 4.1, an analysis of the

calculated first-shell structural characteristics shows, (i) the average In-O distance remains the
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same in all three a-IGO structures, 2.17 A; and (ii) the average In-O coordination decreases
slightly with increasing Ga content: 5.30, 5.20, 5.13, and 5.13 for amorphous In;O,¢s (10),
In; 73Gap 220296 (IGO11), In; 63Gag 370296 (IGO19), and In;19Gags102.96 (IGO41), respectively.
The calculated distribution of In-O coordination numbers (Fig. 4.5A) reveals that the presence of
Ga suppresses the population of In atoms coordinated by 6 oxygen, i.e., those with the effective
coordination number ECN = 5.7-6.0; whereas the number of under-coordinated In atoms (ECN =
4.0-5.0) increases with the Ga content. In agreement with the Ga K-edge EXAFS measurements,
the Ga atoms in amorphous IGO are primarily four-fold-coordinated: the calculated average
Ga-O coordination is 4.28, 4.38, and 4.66 for Ga substitutions of 11 at%, 19 at%, and 41 at%,
respectively. The calculated distributions of Ga-O coordination (Fig. 4.5B) suggest that with
increasing Ga fraction, Ga atoms coordinated to 5 oxygen atoms (ECN = 4.5-5.0) begin to
prevail, while Ga atoms coordinated with 6 oxygen atoms remain negligible. Accordingly, the
Ga-O distances increase slightly, from 1.92 A to 1.93 A and to 1.95 A for 11 at%, 19 at%, and 41
at% of Ga, respectively. These values are in agreement with the average Ga-O distance in
B-gallia, 1.93 A (Table 4.1), again showing that, in the amorphous phase, Ga prefers the local

oxygen environment of pure Ga,Os to that of the In-O matrix.
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Figure 4.5. Distribution of calculated ECN values in a-10 and three a-IGO compositions as
obtained from room termperature MD simulations for In-O, A) and Ga-O, B). Spread of
polyhedra edge-shared (solid line), corner-shared (dotted line), and lack of sharing
(dashed line), C) M-M distances and D) Ga-M distances shown for 1) a-IGO11 (orange),
1) a-1GO19 (blue), and I1l) a-1IGO41 (green). Black lines show the sharing distributions for
a-10 in C) and for -Ga,03 in D).

Note that the effect of Ga on the local structure opposes the formation of

nanocrystallites, composed of all M-O octahedra, observed at the onset of crystallization; the
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Ga-O octahedral population remains negligible while the In-O octahedra decrease in response to
the Ga substitution.'> **

Evolution to 6-coordinate Ga may in principal impede crystallization for thermodynamic
and/or kinetic reasons. A thermodynamic argument can be made using the In,03-Ga,O3; phase
diagram®®  in which bulk In,-,Ga,O; has very limited solubility at the bixbyite/In,O5 side of the
phase diagram,*  with only 5 at% Ga known to incorporate into bixbyite In O3 before reaching
the phase boundary, i.e., the solubility limit. Thus, having a large fraction of the Ga sites in
a-1GO 6-fold coordinated is thermodynamically unfavorable. A kinetic argument can also be
made by suggesting that there may be an activation barrier to the transition of Ga-O tetrahedra to
octahedra. This transition, from tetrahedral coordination to octahedral coordination could arise
from an uptake of oxygen in the film. After all, these films were grown in a vacuum chamber at
an oxygen pressure of 7.5 mTorr and are annealed in ambient air to induce crystallization.
However, work by Buchholz ez al.”” (especially figures 7 and 8) demonstrates how an amorphous
structure can undergo polyhedral rotations to decrease the M-O coordination number without
removing any oxygen atoms from the system. Evidence for rotated polyhedra in our amorphous

samples can be seen by comparing the a-IGO PDFs to the c-In,O3 reference PDF (Fig. 4.3B).

The differentiation of edge and corner sharing polyhedra disappears and instead there is
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continuous density between the edge-connected distance and the corner-connected distance.
Rotated polyhedral would provide this smearing out of corner-shared vs. edge-shared distinction.
In addition, Buchholz" suggests that M-M bonding should be under-coordination. Fits of the
M-M In K-edge peak (Table 4.3) show significant under-coordination of M-M bonding.

Table 4.3. A-IGO second shell EXAFS fitting results of In K-edge (metal-metal)”

Samples N R (A) 6’ (A% R’
a-10 2.73 3.37 1.52E-2 2.32E-3
a-1GO8 2.52 3.39 1.51E-2 1.15E-2
In K-edge
a-1GO17 2.82 3.34 1.72E-2 9.26E-3
a-1IGO51 3.03 3.40 1.68E-2 1.38E-3

Y N is coordination number. R is bond distance. 62 is a measure of the thermal and structural

disorder.

Additionally, the multi-coordinate nature of Ga cations renders the Ga-O coordination
geometry more sensitive to the O stoichiometry than does In-O coordination. From additional
MD simulations of the amorphous oxide with lower O stoichiometry, In; ;9Gag 310292 (Fig. 4.6),
it is found that the Ga-O coordination is reduced to 4.45, whereas the In-O coordination
decreases only slightly, to 5.09 — as compared to ECN(Ga-O)= 4.66 and ECN(In-O)= 5.13 in
In; 19Gap3102.96. A closer look at the distribution of the coordination numbers (Fig. 4.6) suggests

that the number of four-coordinate Ga atoms nearly doubles upon oxygen reduction, whereas
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the number of both low-coordinate (ECN<4.0) and high-coordinate (ECN>5.5) In atoms
increases making the average ECN value unchanged. These results are in accord with the
observed higher sensitivity of the Ga-O coordination to annealing (Table 4.2) — the additional
energy from heating the samples may promote O diffusion and enable long-range structural
reconstruction; both factors facilitate the higher coordination of Ga. Clearly, additional energy is
required for IGO vs. 10 crystallization because the system must dramatically increase M-O
coordination to form the bixbyite phase.

Moreover, in accord with the observed trend in IGO crystallization temperature (Fig.
4.2A), the calculated distortions in the In-O polyhedra become more pronounced with increasing
Ga fraction: the average variance of the first-shell In-O distances is 8.42x107 A% 9.55x10° A?,
10.74x10° A% and 11.64x10” A? for amorphous IO, IGO11, IGO19, and IGO41, respectively.
The Ga-O polyhedra are also strongly distorted with the average variance for the Ga-O distances
of, 1.40x10” A% 1.89x10 A®, and 1.66x107 A* for IGO11, IGO19, and IGO41, respectively,
being larger than those for the corresponding In-O distances reported above. This result may at
first appear counterintuitive given the fact that the Ga-O bonding is stronger than the In-O

bonding.
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However, we believe that the strong local distortions in Ga-O polyhedra stem from their intrinsic
multi-coordinate nature (4 and 6-coordinate in monoclinic B-Ga;0Os); in addition, the weaker
metal-O bonding of the host In atoms facilitates the coordinative transformations for Ga. Thus,
the presence of Ga increases disorder in the M-O bonding and moves the system farther away
from an ordered crystalline lattice.

Medium-range structural characteristics, i.e., how the M-O polyhedra combine to form a
network, plays a crucial role in amorphization."”” Connectivity or O sharing between the M-O
polyhedra having different coordination patterns and degrees of distortion, determines their
spatial distribution and, hence, governs the structural reorganization, crystallization, and phase
formation phenomena. In bixbyite In,Os3, the second and third shells of In are associated with 6
In neighbors at 3.3 A that share two O atoms with the central In atom (i.e., the corresponding
polyhedra are edge-shared) and 6 In neighbors at 3.8 A that share one oxygen atom
(corner-shared polyhedra). In the amorphous phase, a significant amount of edge-shared
connections become corner-shared, figure 4.5C: out of the total number of all In-In pairs that
share 1, 2, or 3 O atoms, as many as 80% share only a single O atom.'* " As a result, the
distance distribution for the corner-sharing connections in undoped a-IO is nearly twice as wide

as that in crystalline In,Os, overlapping significantly with the distance distribution for the
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edge-shared In-In pairs (Fig. 4.5C). In a-IGO, both the edge- and corner-shared distributions
shift toward shorter metal-metal (M--M) distances in agreement with the small ionic size of Ga.
Significantly, addition of Ga broadens the edge-sharing distribution so that it overlaps
completely with the corner-sharing distribution for the Ga fraction of 19% and above (Fig. 4.5D).
Experimentally, the second and third shells cannot be distinguished in this case but, the
comparatively shorter Ga--M distances, as compared to MM distances, can be seen in the
comparison of the PDF and d-PDF (Fig. 4.3A). Thus, the stronger local distortions caused by the
capacity of Ga cations to assume different O environments than the surrounding In-O matrix and
the higher medium-range disorder in a-IGOs with increased Ga content, contribute to the
observed increase in the crystallization temperature in these oxides.

Besides the changes in structure that must occur upon crystallization, significant strain
may be also be induced upon crystallization. Figure 4.2B of the manuscript demonstrates the
lattice contraction that Ga substitution produces. In addition, comparison of the d-PDF (Fig.
4.3A) with the PDF of IGO17 also suggests that there is a strain field that exists around the Ga
atoms out to ~10A. Though the density modulations in the d-PDF roughly match the PDF, all
peaks appear at slightly shorter distances. Given the small cation size of Ga, we suggest that the

strain created by Ga in the crystalline bixbyite structure would be even further exacerbated and
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thus provide a barrier to crystallization.

4.4 Conclusion

A systematic investigation of the thermal and structural properties of a series of amorphous Ga-

substituted In-O thin films was performed. Strong agreement between experimental structure

results and theoretical simulations are demonstrated. The results of the ex sifu crystallization

study reveal that the thermal instability of a-IO can be overcome by Ga addition. The mechanism

underlying this effect is identified as the tendency of Ga to maintain the lower coordination, seen

in pure Ga-O, even when surrounded by a more highly coordinated In-O matrix. While the

coordination and bonding of pure a-10 is fairly close to that of crystalline bixbyite, Ga must

undergo significant changes in coordination and bonding before crystallization occurs. This

understanding suggests that when choosing a substitutional cation, the crystal structure of its

native oxide may inform how the local structure of the cation will behave when it is used as an

amorphous cation modifier. Furthermore, it suggests that substitutional cations with a “native

coordination” dissimilar to that of the amorphous matrix, may be most effective in increasing

thermal stability.
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CHAPTER 5: The Role of Ga in the Electrical Properties of
a-1GO

The a-TCO system, amorphous indium gallium oxide (a-IGO), is a model system for developing
structure-property relationships to investigate the influence of substitutional cations on the
electrical performance of amorphous oxides. Gallium is known to decrease conductivity when
added to indium-based amorphous oxides. Hall measurements reveal the initial sharp drop in
conductivity upon Ga substitution is due to a decrease in both carrier concentration and mobility.
At >20 at% Ga content, the influence of Ga on the carrier concentration and mobility begins to
lessen. The decline in both the carrier concentration and mobility with increasing Ga is attributed
to dilution of the charge-carrying In-O matrix and to increased structural disorder. The latter

effect saturates at high at% Ga, explaining the diminished effect of Ga at high substitution.
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5.1 Introduction

The discovery of high carrier mobility in amorphous In-Ga-Zn-O (a-IGZO)® films grown at
room temperature stimulated intense academic and industrial research efforts aimed at exploring

a-IGZO as a channel layer material for thin film transistors (TFTs).> > !

The isotropic
conduction orbitals of a-IGZO provide a marked charge transport advantage over the heretofore
most common low-temperature semiconductor, amorphous (a-) Si. This advantage is rooted in
the resilient s-state conduction manifold of a-IGZO; mobility is only minimally degraded by the
bond disorder of the amorphous state. In contrast, a 2-3 order-of-magnitude decline in mobility
occurs upon the transition from crystalline Si to a-Si.' > *

The a-TCO system of indium gallium oxide (a-IGO) is a model system for developing
structure-property relationships to investigate the influence of substitutional cations on the
performance of a-TCOs. We will present a systematic study of the evolution of electrical
properties, as a function of gallium content, in a series of a-IGO thin films. These property
studies were understood on a fundamental level by pairing them with local structural studies,
X-ray absorption spectroscopy (XAS) and anomalous X-ray scattering (AXS). Although
amorphous oxides lack long-range order, previous studies have established the persistence of

15, 40, 52, 89

local-scale order, and the use of element-specific local structure techniques, specifically
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X-ray absorption spectroscopy and X-ray scattering, have proven to be incisive tools for

understanding the structures of amorphous materials.”*°

The present investigation successfully
couples these X-ray techniques with ab-initio molecular dynamics simulations. The close
agreement achieved between theory and experiment provides a comprehensive understanding of
the a-IGO structure, which in turn provides an unprecedented description of how Ga influences
the structure-property relationships at play in a-IGO.

The channel layer of a TFT requires a semiconductor with low carrier density, so that
control of carrier concentration is imperative. There is a growing consensus that the predominant
point defect species responsible for carrier generation in a-TCOs are doubly-charged oxygen

10.17.26. 9192 Thys, experimental studies a-1ZO* ** and a-IGZO'” have shown that in

vacancies.
both cases the d(log conductivity)/d(log pO.) slope is observed to be -1/6, which is consistent
with doubly-charged oxygen vacancies as the carrier generating species. The modifying role of
Ga is typically defined in reference to the reduction of free carriers due to its strong oxygen

10,91, 93-95

binding affinity. Here, using theoretical modeling, we probe deeper to show that the true
role of Ga in carrier production is two-fold: 1) Ga decreases carrier density because the Ga-O

polyhedra do not contribute to carrier generation, and 2) Ga cations impede the clustering of

under-coordinated In-O polyhedra, the source of free carriers.
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Several different models have been proposed to simulate the nature of carrier mobility

in amorphous oxide films.”*'!

The challenge is that those factors which limit mobility can vary
with growth conditions, such as temperature,” which affect film quality.* "' As this work
emphasizes, film quality and TFT performance are tied to the structure of the film. Here we use
the well-developed experimental and theoretical understanding of structure to discuss the nature
of conduction and the role of Ga in the mobility of a-IGO. The agreement between experimental
results and our model structure provides confidence in the electronic calculations. We show that
Ga increases percolation barriers and trap states, as well as increases the range of hopping

centers, which negatively affect both band conduction and variable range carrier hopping in the

system.

5.2 Methods

A series of a-1GO thin films was grown by pulsed laser deposition (PLD) in collaboration with
Dr. Bruce Buchholz of the Chang group. The structures of the a-IGO films were studied using
X-ray absorption spectroscopy (XAS) and X-ray scattering techniques. Simulations of
amorphous oxide structures were generated by Prof. Julia Medvedeva using first-principles

molecular-dynamics (MD) liquid-quench simulations. Calculations are based on the density
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functional theory (DFT)®*% with periodic boundary conditions and employ the PBE

0-71 R
17 7 d.72 73

functiona within the projector augmented-wave metho For details on film growth,
X-ray absorption spectroscopy (XAS), X-ray scattering, and theoretical methods please see
chapter 4.

The carrier concentration, carrier mobility, and conductivity of the a-IGO films were
measured at room temperature using an Ecopia HMS-3000 Hall measurement system. Gold
spring contacts were used in 4-point Van der Pauw configuration. A 0.58 T field was applied

using a permanent magnet. I-V curves were collected before each Hall measurement to ensure

that Ohmic contact was achieved.

5.3 Results and Discussion

To investigate the influence of Ga substitution on the electrical properties of the present
PLD-deposited a-IGO films, a systematic Hall effect study as a function of Ga content was
carried out at room temperature, and the results are shown in figure 5.1A. Note that the growth
conditions of all films represented in Figure 4 were identical. The ~75% fall electrical
conductivity is consistent with the relatively modest decline in carrier content (~25%) and the

drop in carrier mobility of ca. 50%. All three properties approach constancy beyond a Ga content
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Figure 5.1. A) Hall effect data for a series of a-IGO thin films as a function of at% Ga.
Error bars represent the standard deviation between three samples of the same
composition, grown under the same conditions. The error bars are the size of the data
points for conductivity and mobility. Dashed lines represent exponential fits of the data and
are provided as visual guides for the observed trends. B) Room temperature Hall effect
data on IGO51 (blue), as a function of annealing temperature. As-deposited results are
plotted at -25°C. The sample was cycled through air annealing (at increasing
temperatures), quench, and room temperature Hall measurements. Error bars are
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5.3.1 Carrier generation: experimental
The change in the n-type carrier content upon Ga substitution is less than one order of magnitude,
indicating that Ga is not a major source of carriers. At 10 at% doping and beyond, the Ga
concentration is ~10°*/cm’, two orders of magnitude greater than the measured carrier density.
Additionally, The In K-edge XANES data for the a-IO and the three a-IGO films display good
agreement with the c-In,O; reference, bixbyite (Fig. 6.2A), supporting the conclusion that In
remains in the 3" state. There is no visible change in the In K-edge in response to the 3 levels of
Ga substitution. The Ga K-edge spectra for the 3 a-IGO samples have slightly more variation
between them than the In K-edge. The agreement of the near-edge structure is less persuasive
than the agreement seen at the In K-edge (Fig. 6.2B). However, comparison with Ga K-edge data
from other compounds a-Ga,O3 (GaOs)'” and GaPO, (GaO4)'” confirms that p-Ga,Os is the
best reference. We can conclude that Ga also has a 3" charge. Thus, Ga is isovalent with In and

produces neutral “defects” that do not affect the electroneutrality condition.
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Figure 5.2. A) The In K-edge XANES data for the crystalline (c-) In,O; reference (bixbyite),
amorphous (a-) 10, and the three a-1GO films. B) The Ga K-edge spectra for the c-Ga,0;3
(beta gallia) reference and the 3 a-1GO samples.

Next, a 51 at% Ga-substituted film (IGO51) was annealed for 1 hour at progressively higher
temperatures, quenched to room temperature at each point, and characterized by Hall effect
measurements. Note that above 150 C there is a rapid fall in carrier content to a level 1-2 orders
of magnitude below that of the as-deposited film. Note also that the crystallization temperature
for this film is approximately 450 C (see chapter 4, Fig. 4.2A). Therefore, the decline in carrier

content between 150 C and 250°C is not associated with crystallization. Instead, we interpret this
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behavior as the onset of O exchange/equilibration of defects, similar to the equilibration of O
vacancies seen in defect studies of a-IZO** ** and a-IGZO,” Oxygen tracer diffusion
measurements show that O exchange and diffusion can take place at 200 C in a-IGZO films;>’

theoretical calculations have also shown that vacancies can be neutralized at 200°C in a-IGZO.'*

5.3.2 Carrier generation: MD simulations and DFT calculations

As discussed in section 5.3.1 above, Ga does not serve as a carrier donor in amorphous In-Ga-O.
This is supported by the present DFT calculations for stoichiometric amorphous In-Ga-O oxides;
independent of the level of fractional Ga substitution, the electronic band structure of a-IGO
corresponds to an insulator, i.e., the conduction band is empty. Furthermore, it can be argued that
the carrier-producing entities in a-IGO films are only the In-O polyhedra. As discussed in
chapter 4, all Ga atoms satisfy their natural coordination with O atoms — in marked contrast to In
atoms, the large fraction of which are under-coordinated, ECN < 5.0, figure 4.5A and table 4.1.
The assertion that only In-O polyhedra contribute to carrier production is consistent with the
observed behavior of the end-member films in the a-IGO series; a-10 is highly conductive (see
Figure 5.1A), whereas a-Ga-O is known to be highly resistive, i.e., having immeasurably small

105

carrier densities. ~ Note that, although the under-coordination of In-O polyhedra suggests a role

in carrier production, there is not a direct correlation between under-coordination and carrier
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concentration. Indeed, if each instance of under-coordination was the site of a charged O vacancy,
the carrier concentration would exceed the experimental values by 2 orders-of-magnitude.

Accurate DFT calculations on non-stoichiometric a-10 and a-IGO, with the same O
stoichiometry of 2.96 for each structure, provide additional insight into the carrier generation
mechanism in these materials. It is found that low coordination of In is a necessary but not a
sufficient condition to form a donor defect. The charge density distribution (Fig. 5.3) calculated
for the partially occupied conduction band in a-10 and a-IGO, reveals that a notable charge
density accumulates in the interstitial region between two or three In neighbors that not only
have low coordination (ECN = 4.4-5.0 for all four compositions considered), but are also under-
shared, i.e., lack an O atom to form a connection that is expected based on the distance between
the corresponding In atoms. In a-10 and in three a-IGO structures with variable Ga content,
low-coordinate In polyhedral pairs are separated by a short distance of 3.1-3.5 A and are
corner-shared, missing the additional O atom expected at this separation. Hence, despite the large
fraction of low-coordinate In atoms (chapter 4, Fig. 4.5A), only under-shared In atoms located at
short distances show charge accumulation. Structurally, the pair of under-shared,

under-coordinated In atoms resembles an O vacancy defect in a crystalline oxide. The difference
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between what is observed as an O vacancy in crystalline materials and what is observed in our

a-1IGO models is seen in the range of structural rearrangement that accompanies the O defect.

Figure 5.3. A,B,C,D) Calculated charge density distribution in the conduction band of
a-1GO. Independent of Ga presence or content, the shallow defect state is associated with
the charge accumulation between under-shared, low-coordinated, In-In pairs in: A) a-10,
B) IGOI11, C) IGO1Y, D) IGO41. In all cases, the charge avoids octahedrally-coordinated
In-O polyhedra (purple) as well as Ga-O polyhedra (green). For the under-shared,
low-coordinated In atoms (no polyhedra), the In-O bonds are shown (red-purple). E,F,G,H)
2D simplification of the structures for E) a-10, F) IGOI11, G) IGO19, H) IGO41. In-O
octahedral, represented as purple squares, form chains (I), which organize
under-coordinated In-O polyhedra, represented as purple circles. This organization
produces the yellow conduction manifold of high electron density. The conduction manifold
begins to break up in the presence of Ga-O tetrahedra (II), represented as green
triangles. Traps (Ill) form when Ga-O tetrahedra surround low-coordinated In atoms. At
high Ga content, chains of Ga-O tetrahedra begin to form (IV), negating Ga’s disruptive

effect on the conduction manifold.
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Owing to the many degrees of freedom in the amorphous structure, the entire cell adjusts to
accommodate the O defect during the MD quench process for a-IO and a-IGO -- in marked
contrast to the local atomic relaxation, i.e., within the nearest and next nearest neighbors only,
which occurs around O vacancies in crystalline oxides.

The long-range reconstruction of the amorphous structure in non-stoichiometric oxides
limits the influence of secondary cations on carrier production. The theoretical results suggest the
cation composition has little effect on the conduction states below the Fermi level. In figure 5.4,
the calculated inverse participation ratio (IPR) for the occupied states in the conduction band is
low, signifying that the defect is shallow and the delocalized nature of the occupied states in the
conduction band persists in all 3 a-IGO simulations. This finding is supported by the fact that the
Burstein-Moss (BM) shift, i.e., the Fermi level shift into the conduction band, calculated to be
1.41 eV, 1.46 eV, and 1.55 eV in IGO11, IGO19, and 1GO41, respectively, is only slightly
smaller than the BM shift in a-10, 1.61 eV, with the same oxygen stoichiometry. Thus, Ga does
not change the source of carriers in a-1GO.

The electron concentration calculated from integrated density of states within a 0.2 eV
window below the Fermi level is, 2.80x10%° ¢cm™, 2.03x10%° ¢cm?, and 2.30x10%° ecm™ for 11%,

19% and 41% of Ga, respectively.
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Figure 5.4. The calculated inverse participation ratio for a-10 and a-1GO. The valence
band tail states are more localized in IGO than in 10 owing to the presence of
under-coordinated oxygen atoms. The conduction states below the Fermi level (at 0eV) are
delocalized suggesting the formation of a shallow defect even at high Ga content.
Localization of the empty conduction states above the Fermi level associated with
non-uniform charge distribution, explain the observed mobility drop in a-IGO as compared
to a-10. Above the Fermi level, the charge density is localized at low-coordinate In atom

surrounded by fully-coordinate Ga atoms as in B) a-IGO19.
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The values as well as the trend for the a-IGO series are in excellent agreement with those
observed experimentally (Fig. 5.1A). Based on the results of these calculations, the carrier
concentration behavior in a-IGO can be explained as follows. In undoped a-10, the majority of In
atoms form a long-range network of octahedrally-coordinated In-O polyhedra' leaving behind
O-depleted areas. These oxygen-depleted areas facilitate the formation of the remaining
under-shared low-coordinated In into pairs, which generate charge carriers (Fig. 5.3A).
Introduction of Ga suppresses the number of six-coordinate In-O polyhedra (Fig. 4.5A and
5.3A-C and E-G) and also dilutes the In-O lattice; both factors hamper the ability of two or more
under-coordinate In atoms to cluster and form a donor defect. When the fraction of Ga increases
above 17 at%, a long-range network of fully-coordinated Ga-O polyhedra emerges (Fig. 5.3D
and H), re-enabling the formation of the O-depleted areas associated with under-shared
low-coordinate In pairs. As a result, the carrier concentration is nearly independent of the Ga

substitution in the range of 17-40 at%, Fig. 5.1A.

5.3.3 Carrier mobility experimental
The observed concomitant reduction of both carrier mobility and carrier concentration as a
function of Ga content (Fig. 5.5), suggests that a-IGO transport is not limited by ionized impurity

scattering.'” Additional support is seen in the lack of a carrier mobility response to the drop in
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carrier concentration, occurring upon air annealing between 150°C and 250°C (Fig. 5.1B). There
is, however, a sharp fall in mobility above 325°C; this is attributable to the nucleation of the
crystalline phase,”” in the form of nano-scale inclusions, beginning ~100'C before the
observation of strong diffraction peaks. Previous microscopy studies on a-I0" and a-IGZO™
demonstrated the presence of nano-scale regions of ordering before the onset of X-ray diffraction

peaks.
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Figure 5.5. Plot of the Hall mobility of a-1GO films versus the corresponding carrier
concentration. Mobility increases with increasing carrier content. If ionized impurity
scattering were limiting mobility, the mobility should drop in response to rising carrier

concentration. The dashed line serves as a guide for the eye.
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The observation of a well-developed Hall effect suggests that band conduction is at play in

88, 96, 100-101

the a-IGO system. The proposed transport models which incorporate band-conduction

typically consider a combination of trap states and percolation barriers as the factors limiting

o . . . 96, 99-100
mobility in amorphous oxide semiconductors.™

From the above discussion, Ga is expected
to affect the number and energy of percolation barriers and trap states by changing the O bonding
and medium-range order of M-O polyhedra in a-IGO. The first shell structure around Ga is
dissimilar to the surrounding In-O matrix (chapter 4, Table 4.1), suggesting Ga-O polyhedra may
have a higher energy barrier associated with them.* ** Ga also increases the overall structural
disorder of the system. A comparison of the PDF of IGOS (blue) and IGO17 (red) (chapter 4, Fig.
4.3B) illustrates Ga-induced disorder affecting the M--M distances and beyond. Greater disorder
and a less relaxed structure has been associated with a greater number of trap states.*” * The

creation of barriers and traps by the addition of Gais consistent with the observed fall in a-IGO

mobility with increasing Ga content (Fig. 5.1A).

5.3.4 Carrier mobility: DFT computation
Electronic structure calculations on amorphous oxides provide microscopic insights into the
origins of the complex transport behavior in materials such as a-IGO. Although the presence of

additional cations in In-based AOSs does not directly govern the free carrier generation (see
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Section 5.3.2), composition-induced differences in the O-sharing and medium-range spatial
distribution of the differently-coordinated M-O polyhedra affect the carrier mobility. First of all,
Ga suppresses the number of octahedrally-coordinated In atoms, and hence hampers the
formation of shared InO¢ polyhedral chains. The latter have been shown to contribute to high
mobility in a-IO:" chain formation organizes polyhedra with similar energy states and creates
conducting paths along the chains (see Section 5.3.2). Accurate DFT-based hybrid-functional
calculations of under-stoichiometric a-IGO reveal that the electron localization above the Fermi
level increases significantly in all three a-IGO structures, as compared to a-IO. This increased
localization supports the assertion that Ga inclusion adds to the density of traps. The calculated
charge density distribution for the energy slice of 0.5 eV above the Fermi level (unoccupied
states) demonstrates (Fig. 5.4) that an extra free electron is likely to be trapped at an
under-coordinated In atom surrounded by three fully-coordinated Ga atoms. The empty states of
the four-coordinate Ga atoms have a higher energy and, hence, are not available for conduction
electrons. When the substitutional doping level in a-IGO increases, clustering of fully-coordinate
Ga atoms leads to a non-uniform charge density distribution in the conduction states, rendering

97-98

variable range hopping (VRH) through the states of different energy the primary conduction

mechanism. Indeed, the calculated electron velocity for the states above the Fermi level (the
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states that form conductivity paths for the free electrons to hop through) decreases from 9.44x10°
m/s, to 9.35x10° m/s, 8.96x10° m/s, and 8.42x10° m/s, for amorphous 10 and IGO11, IGO19,
and 1GO41, respectively. Thus, the introduction of Ga affects VRH by increasing the range
(distance) between hopping centers.

Once the Ga content approaches 20 at%, Ga has a greater role in the conduction
manifold.'”” At higher Ga contents, the charge localization above the Fermi level decreases as
evident from the comparison of the IPR values (fig. 5.4) for IGO19 (blue) and IGO41 (green):
the IPR (IGO19) =4.6 is nearly two times larger as compared to the IPR (IGO41) = 2.5 within
0.5 eV above Er (Figure 5). The weaker localization of the conduction states in a-IGO with
higher Ga content is associated with the formation of an extended network of shared GaO-GaO
polyhedra within the In-O matrix. As with the long chains of InOs that organize the
low-coordinate In-O polyhedra together (Fig. 5.3A and E and Buchholz"), the formation of
shared Ga-O polyhedral chains within the predominantly low-coordinate In-O matrix (Fig. 5.3D
and H), again organizes the electron density and establishes two interwoven networks with
dissimilar energies. Therefore, it can be argued that above 20 at% Ga in a-IGO, when the
structure begins to transform from isolated Ga-O polyhedra to long-range Ga-O chains, the

hopping between the low-coordinate In-O states is maintained. This explains the observed
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unchanged mobility in a-IGO with Ga 20% and above (Fig. 5.1). Thus, the energy and the

long-range spatial distribution of the polyhedra ultimately determine the complex behavior of

mobility in amorphous IGO.

5.4 Conclusion

A systematic investigation of the electrical properties of a series of amorphous Ga- substituted

In-O thin films was performed. Strong agreement between experimental results and theoretical

simulations are demonstrated. The drop in carrier concentration and mobility coincident with Ga

substitution was explored. The decline in both properties is shown to wane at Ga >20 at%. Ga

dilutes carrier production because it inhibits the formation of under-shared low-coordinated In-O

polyhedral pairs; these pairs, which are the amorphous equivalent of an O-vacancy, are identified

as the source of carriers. Ga interrupts carrier mobility because it introduces disorder that leads to

increased trap states. In addition, Ga dilutes the In-O polyhedral matrix increasing both the

energy and range between variable range hopping centers. At high Ga contents the formation of

Ga-O polyhedral chains limits the disrupting effects of Ga on both carrier production and carrier

mobility. From a structure-property analysis of a-IGO in chapters 4 and 5 it is clear that changes

in the local and medium-range structure affect thermal stability, carrier concentration, and carrier
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mobility. Future modifications of AOSs through substitutional cations must balance such subtle

interwoven effects.
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CHAPTER 6: Confirmation of the Dominant Point Defect
Mechanism in a-1Z0 through the Application of In Situ
Brouwer Analysis
The dominant point defect mechanism of amorphous (a-) indium zinc oxide (IZO) was probed
though in situ electrical characterization of sputtered, a-IZO thin films in response to changes in
oxygen partial pressure pO, at 300°C. The results yielded a power law dependence of
conductivity o) versus pO, of ~ -1/6. This experimental method, known as Brouwer analysis,
confirms doubly-charged oxygen vacancies as the dominant defect species in a-IZO. The success
of this study suggests that Brouwer analysis is a viable method for studying the defect

mechanisms of amorphous oxides.
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6.1 Introduction
Amorphous (a-) oxide, transparent electronic, thin film materials are becoming increasingly
prevalent in modern technology. Their low deposition temperatures, lack of grain boundaries,
smooth surfaces, and high level of uniformity make them especially useful in display technology
and suggest the possibility of fully transparent, flexible electronics.” ' '* Some of these
materials, such as a-In-Ga-Zn-O, have already been commercialized. However, in order to
fine-tune processing and inform the next generation of a-oxide materials, these materials must be
fully understood on a fundamental level. Of particular note is the lack of understanding
concerning the prevalent defect mechanism(s) and source(s) of carriers in these materials.'*®
The system of zinc-substituted indium oxide (a-1ZO) is a strong candidate to develop the
understanding of defects in amorphous oxides due to its technological relevance and thermal
stability. Despite the differences in ionization state (Zn: 2*, In’") combinatorial studies of a-IZO
have shown a complete absence of p-type character. > *>**Additionally, composition has minimal
effect on carrier concentration and has been shown to have no effect on the relationship between
carrier concentration and mobility.”> *Conversely, the amount of oxygen present during film

10, 23-24

deposition has drastic effects on carrier concentration. In order to understand the
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persistent n-type character in a-1ZO, as well as the drastic effects of oxygen content during
deposition, the dominant defect mechanism in this system must be identified.

Brouwer analysis is a classical method used in the field of oxides to experimentally
identify the dominant defect mechanism in a crystalline oxide.”® Recently, this method was
applied to an amorphous system for the first time. Work by Adler et al.”’ provided experimental
results pointing to oxygen vacancies as the dominant defect species in a-IGZO (In-Ga-Zn-O).
Oxygen vacancies have also been suggested as the primary source of carriers in a-IZO** and
direct experimental evidence of doubly-charged oxygen vacancies as the dominant defect species
was recently reported in an ex situ study of carrier concentration.*® This work seeks to expand
the understanding of the electrical properties of a-IZO, and to develop the application of
Brouwer analysis to amorphous oxides, by using Brouwer analysis to identify the dominant
defect mechanism in a-1ZO.

Traditional Brouwer analysis is conducted with bulk polycrystalline samples at high
temperatures (600-1200°C) where carrier concentration is driven to equilibrium at different
oxygen partial pressures (pO2).”*>' A log-log plot of the resulting equilibrium conductivity vs.

pO, yields a signature slope consistent with the underlying defect mechanism. For example, if
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doubly-charged oxygen vacancies V,* are the dominant donor species, they would obey the
following equilibrium reaction:

0= Lo Vet 20! (6.1)
~ E z(g) + 0 + e

Where the equilibrium constant is given as:

1

= P2 [V;"I[n?] (©-2)

Keq

Utilizing the electroneutrality condition, n = 2V,;", it can be shown that carrier content n should
-1
be proportional to P026. Thus, the expected signature slope on a log-log plot of carrier content (or
conductivity, assuming negligible change of mobility) vs. oxygen partial pressure would be -1/6.
Though the amorphous nature of these materials provides many characteristics beneficial
to their application in display technology, it also presents a significant challenge to fundamental
studies. Of particular relevance is the limit of temperature, which must remain low to avoid both
recrystallization and structural relaxation, thus careful and creative measures must be employed
to extend the method of Brouwer analysis to amorphous materials. In a-oxides, Brouwer analysis
has to date only been reported for a-IZO*® and a-IGZO?. In the case of a-IZO an ex situ method
was applied, which looked at carrier density of dc magnetron-sputtered ~100nm thick films
subsequently annealed at 300°C under high oxygen pressures (200, 300, 600, and 800 atm).

Pre-experiments were conducted to guarantee that the times employed (50h) were sufficient to
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achieve defect equilibrium. A log-log plot of carrier density vs. oxygen fugacity (to correct for
oxygen activity at high pressures) showed a -1/6.13 slope, consistent with the -1/6 signature
slope for doubly-charged oxygen vacancies.”

The a-IGZO system was studied via an in situ method more analogous to traditional
Brouwer analysis. Pulsed-laser deposited a-IGZO thin films, ~70nm thick, were placed in a tube
furnace at 200°C and the time response of conductivity of the film to abrupt changes in oxygen
partial pressure (using pre-mixed gas tanks of O, balanced with Ar: 100ppm, 1000ppm, 1%, and
10%) was recorded. Log-log plots of both conductivity and Seebeck coefficient (to confirm that
negligible changes in mobility took place) exhibited slopes of -1/2, which was interpreted in

terms of oxygen vacancies (doubly-charged and neutral, in combination).”’

6.2 Experimental Procedure

6.2.1 Deposition

Indium zinc oxide films were deposited by magnetron sputtering on glass substrates ~lcm” in
area by the Ginley group at the National Renewable Energy Laboratory. A 10.16 cm diameter
18/73 wt.% In,O3/Zn0O oxide target (from Plasmaterials Inc.) was used to deposit the film. The

film was sputtered with a power density of 2.5 W/cm® and the target-to-substrate distance was
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~11 cm. System base pressure was 0.67 mPa (5x10° torr). A shuttered burn-in was performed
with equal parts of oxygen and argon gas for 7 min to ensure target stoichiometry, followed by 3
minutes at the desired O, flow. During deposition, the pressure was held constant at 0.60 Pa (4.5
mTorr) with a total gas flow of 0.28/14.48 SCCM O, to SCCM Ar (SCCM denotes cubic
centimeter per minute at STP). The actual argon and oxygen partial pressures in the chamber
were monitored with a residual gas monitor. The films were deposited at ambient temperature
with no intentional substrate heating (substrate temperature <100°C). The deposition resulted in
films ~76 nm thick. Thickness was confirmed via ellipsometry (J. A. Woollam M2000U
Ellipsometer). Initial Hall measurements confirmed the expected n-type character of the film.
Initial carrier concentration was measured as 3.5 x 10" carriers/cm’® with a mobility of 46
cm?®/Vs. X-ray fluorescence (18 kW Rigaku generator equipped with a Mo rotating anode and a
Vortex Si-drift diode detector, Tokyo Japan) confirmed the composition of the film was 85/15

at% In/Zn.

6.2.2 In situ electrical characterization
The film was placed in a 5.08 cm diameter quartz tube placed within a tube furnace
initially held at 200°C (for 6 weeks) and then increased to 300°C to promote oxygen kinetics

(Fig. 6.1). Though a-IZO of comparable composition has been shown to remain amorphous up to
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500°C,** an upper limit of 300°C was chosen due to the extended anneal time (54 d total) used to
explore the response of the film. Premixed gases of oxygen balanced with argon were flowed
though Drierite desiccant to remove any water vapor and ensure that the reactivity of the gas
environment was due solely to its oxygen content. Each gas mixture was flowed over the

sample for 24 hours before being rapidly switched to the next mixture utilizing a 4-way valve

(Fig. 6.1).

1 @ Hood

Figure 6.1. Experimental set up used to measure in situ conductivity as a function of O,
partial pressure. A) Gas tanks of pre-mixed Oy/Ar, B) 4-way switch, C) Desiccator, D)
Furnace held at 300°C, E) Sealed quartz tube, F) Van der Pauw contacts, G) pO, meter
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Figure 6.2. Conductivity transients of a-1Z0 as a function of time in response to varying

oxygen environments. Dashed lines represent temporary interruptions in data acquisition.

The oxygen level of the film environment was monitored as the gas exited the furnace with an

Ametek Thermox CG-1000 oxygen analyzer. Film conductivity, temperature, and thermopower

were monitored via 4 thermocouples arranged in 4-point van der Pauw configuration. Electrical
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measurements were taken with a scanner, current source, and multimeter (Keithley Instrument
models 705, 224, 196) and automated to collect sheet resistance every 30 seconds. IV curves
were collected periodically to ensure that Ohmic behavior was maintained throughout the
experiment. Thermopower (Q) was monitored throughout the experimental campaign. A plot of
the DOS-mobility product (In(c)-Qrd) (Fig. 6.4) illustrates that mobility remains constant
throughout the experiment and implies that changes in conductivity can be interpreted as changes
in carrier concentration. For a full derivation of the DOS-mobility product please see the

supplementary information of Adler et al.”’

140

100 7

60 -

Conductivity (S/cm)

20 . T T T T
0 8 16 24 32 40

Time (h)

Figure 6.3. Conductivity response of a-1Z0 thin film at 200°C during an oxidative transient
measured in situ as a function of time. POsjniiqi: 1000 ppm POpinar 1.0%
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An initial campaign at 200°C (6 weeks) proved inconclusive; individual transients did not
display discrete relaxation regimes as were seen at higher temperatures (see discussion below).

Therefore, all subsequent measurements were made at 300°C. A sample oxidative transient at

200°C is shown in figure 6.3.

10
O, environment
8 1| § S
s 18] |5 |&
o X
gl . |8 S S| .
° b S
7 8- d
é 6-‘.-’-..._ ‘.--_- ----- --.-.—‘--
S— .
- - £ X
X - a8 T
5 g
=
4
| X
o
o
i
2 v 1 J T L 1 Ll T L T
0 2 - 6 8 10
Time (days)

Figure 6.4. In situ DOS-mobility product (In(c)-Q,eq) for a-1Z0 films at 300°C as a function
of time illustrating that mobility remains constant in response to changes in O, environment
over the experimental campaign. The last 10 hours of exposure to each pO, are represented
as black dots and error bars are represented as grey lines. Disruptions in the dashed line

represent temporary interruptions in data acquisition, as seen in the conductivity results

(Fig. 6.2).
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6.3 Results and Discussion

Conductivity was seen to decrease under oxidizing conditions and increase under reducing

conditions, as is expected for an n-type material. However, as with the results seen by Adler et

al., the oxidizing response (Fig. 6.5) displayed three regimes: a rapid surface response (regime 1,

blue), a slow background decay (regime 3, red), and a middle regime (region 2, white) attributed

to defect modulation (Fig. 6.5a).

6.3.1 Regime 3: background decay

The slow background decay under all pO, values is attributed to gradual structural relaxation

independent of oxygen environment throughout the entire 54-day campaign. Evidence of a

sluggish conductivity response (on the order of days) has been previously seen and similarly

2 109 . . . .
7 Evidence of this structural relaxation can be seen in

attributed to a structural relaxation.
glancing incidence X-ray diffraction scans (GIXRD) (Fig. 6.6) performed before and after the
54-day campaign. Though the broad nature of the peaks and their low intensities (comparable to
the underlying glass substrate) confirm the maintained amorphous nature of the film, a small

secondary hump appears in the post anneal scan around 55 degrees (26). This suggests that the

film moves towards a more ordered state over the experimental campaign.
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Figure 6.5. Conductivity response of a-1Z0 thin film during a) oxidation and b) reduction
measured in situ as a function of time. From left-to-right: regime 1 (blue), regime 2 (white),
and regime 3 (red) correspond to the dominant mechanism during the indicated time

periods (surface response, bulk defect modulation, and background structural relaxation).
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Figure 6.6. GIXRD scans of the a-1ZO thin film before (top) and after (middle) the
experimental campaign, in comparison with the glass substrate (bottom). The major peaks

of crystalline InZnO are indicated by the vertical dashes above the x-axis.” GIXRD scans
were performed with a Rigaku Smartlab diffractometer.

Given that sputtered amorphous oxides are kinetically, but not thermodynamically, stable it is
reasonable to assume that small local rearrangements could take place over the extended time

frame of the experiments. Furthermore, theoretical studies’’ have suggested that local
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environment can affect the ability of amorphous oxides to create oxygen defects, suggesting that
small changes in local structure could be reflected as slow changes in the conductivity of the film
with time. Further quantification of this response is being explored through local structure

studies (EXAFS, extended X-ray analysis fine structure), but is beyond the scope of this chapter.

6.3.2 Regime 1: surface response

The initial response of the film is similar to that of a gas sensor. Due to the low temperatures
required, adsorbed oxygen species remain on the surface of the film. These adsorbed species
create a space-charge layer near the surface of the film, which results in band bending. This band
bending is reflected as a sharp drop in the conductivity of the film under oxidizing conditions

. . igt 110-111
and a sharp increase under reducing conditions.

This response is seen to exponentially
decay as the equilibrium adsorbed-population is approached. Though a-IZO has not been
explored as a gas sensor, similar systems (IZO nanowires''* and a-IGZO'" have been explored

under both oxidizing and reducing conditions and the response times of these materials are on

the order of those seen in the present work (~1-2h).

6.3.3 Regime 2: bulk defect modulation
In order to study the effects of defect modulation as a function of oxygen pressure and to extract

a Brouwer slope, the effect of surface adsorbed oxygen and background defect modulation must
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be removed from the total conductivity response. In order to deconvolute the middle regime and

reveal the effect of carrier concentration on pO,, the contributions of regimes 1 and 3 need to be

subtracted out. At 200°C the three regimes were found to be too convoluted for meaningful

analysis. A sample oxidative transient at 200°C can be seen in Figure 6.3. Therefore, the

temperature was increased to 300°C. Even at this temperature, the three regimes could only be

deconvoluted when oxidizing to higher pO, values (1, 10, 100%). Under these conditions, three

distinct regimes emerge for positive ApO, (oxidizing changes). However, for negative ApO,

(reducing changes), owing to the conflicting nature of the background contribution (decreases o)

and defect reduction (increases o), the defect response modulation response (regime 2) could not

be obtained, as shown in figure 6.5.

Because the background decay operates on such a long time scale we can approximate the

response due to structural relaxation within a 24-hour period as linear (Fig. 6.5a). Due to noise

and the imprecise nature of the transition from one regime to the next, there is some uncertainty

to the linear fits. To account for this uncertainty, the response due to background decay was fit to

five linear best-fit lines to extract an average y-intercept indicating the equilibrium value

obtained only by defect modulation. The standard deviation between each of the five fits was

used to create error bars. The delineation between the first (surface) and second (defect) regimes
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is more clearly seen due to the exponential nature of the adsorbed oxygen response. The defect
response appears to be well modeled by a linear fit (Fig. 6.5 a). As with the background decay,
five best-fit lines were used to extract a y-intercept value (and corresponding error bars) where
the initial conductivity of the film would begin at the onset of defect modulation if adsorbed
oxygen were not a factor. In this fashion, the conductivity response owing solely to the defect
response of the film could be obtained. In equation 6.3, the § value corresponds to the signature
slope of carrier concentration versus oxygen partial pressure.

g =Axpo} (6.3)

Values of f were obtained using the following equation:

regimez)

_ Alog (Udefect (6.4)
Alog(p0,)

The results are plotted in figure 6.7, where a signature slope (f value) of ~ -1/6 is
obtained. This result supports the previous report that the dominant defect mechanism in a-IZO
is doubly-charged oxygen vacancies. The present in situ results on a-IZO films combined with
the ex situ results of Lee et al.”® are significant in that they suggest that, despite their amorphous
character, a-oxide films are amenable to point defect studies by Brouwer analysis. In addition,

the present work supports the contention of Adler et al.*’ that in sifu Brouwer studies can be
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successfully carried out on a-oxide films over a wide range of compositions. Ongoing work is

applying Brouwer analysis to other a-oxide systems.
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Figure 6.7. [ values (which correspond to the slope in a Brouwer plot) as a function of

equilibrium O, partial pressure (pQO>).

6.4 Conclusion

In situ electrical characterization of sputtered, ~76nm thick, a-IZO thin films in response to
changes in oxygen partial pressure was carried out at 300°C. The oxidizing response (positive

ApO,) was seen to fall into three regimes dominated by three effects: surface adsorbed oxygen,
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bulk defect modulation, and a long-term background decay. These regimes were deconvoluted to
yield Alog(c)/Alog(pO,) values of ~ -1/6 in the defect modulated regime, which is consistent
with doubly-charged oxygen vacancies being the dominant defect species in a-IZO, as seen
previously at high pressures by ex situ analysis. *° The success of this study and the agreement
between in situ and ex situ studies suggests that in situ Brouwer analysis is a viable method for

studying the defect mechanisms of amorphous oxides.
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CHAPTER 7: A Fundamental Comparison of Combustion
Synthesis and Pulsed Laser Deposition: Film Growth
Processes in the a-1IGO System
Solution processing of amorphous oxide semiconducting films will likely provide a significant
step towards the realization of affordable, flexible, transparent electronics. This work directly
compares one of the most promising solution processing techniques, combustion synthesis (CS)
(via spin and spray methodologies), with the more conventional synthesis technique, pulsed laser
deposition (PLD). Films and devices are compared in the a-IGO system, across the In-Ga
composition space, as calibrated by X-ray fluorescence. Semiconducting layers deposited by
either CS or PLD are used as the channel layer in thin film transistors (TFTs) fabricated on
Si0,/Si substrates. Devices are evaluated under ambient conditions to compare the effect of
processing method on film performance. In this work, TFTs with PLD channel layers

1. s 1 but CS films exhibit comparable

demonstrate the highest mobility 42 cm® - V
performance in other transistor metrics (on-voltage, etc.). Of the growth methods assessed,
spin-coated CS films produce TFTs with the most reliable performance and the clearest

Ga-dependent trends. This work also demonstrates that spray-coated CS TFTs have consistently

low threshold voltages, suggesting the spray-coating method leads to low carrier concentrations.
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The role of processing method on amorphous oxide thermal stability is analyzed through in situ
glancing incidence X-ray diffraction annealing studies. All of the CS films have superior thermal
stability versus the PLD films. Insight into film performance is gained by analysis of film

microstructure over several length scales and includes analysis of local bonding and density.

7.1 Introduction

Amorphous transparent conducting oxides (a-TCOs) have many attractions over their crystalline
counterparts. Their amorphous nature results in a lack of grain boundaries, making a-TCOs well
suited for large area applications.”” Of even greater importance, a-oxides can be grown as
semiconductors with high mobility at low temperatures, and have demonstrated excellent thin
film transistor (TFT) device performance when grown at room temperature.*® Depositions only

requiring low temperatures result in lower processing costs and, more notably, open the door to

114-115

depositing on flexible polymeric substrates. Flexible electronics could provide more

durable, portable, and biocompatible devices for the increasingly pervasive personal electronics

. 116-118
industry.

Recent work has demonstrated that amorphous (a-) oxide films can be prepared via solution

6, 119-121

processing methods at low temperatures. Before that, most a-oxide films were grown by
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physical vapor deposition (PVD) techniques near room temperature (RT), such as sputter
deposition and pulse laser deposition (PLD).”' However, solution processing offers the potential

of roll-to-roll printing/patterning of flexible electronics, increasing the large-scale

118

manufacturability of amorphous oxides. The realization of high-quality/high-mobility

amorphous oxide films on flexible substrates was initially hindered by the requirement of high

122-123

synthesis temperatures > 400 °C in more traditional sol-gel methodologies. However, by

introducing additional energy to the film growth precursors through UV irradiation' "> '**'* or

44 12627 Jow  substrate temperatures can  be

solution-based fuel-containing precursors,
maintained during growth, and good device-quality, densified films can be produced. One of the
most promising low-temperature solution processing methods is combustion synthesis.**
Combustion synthesis creates small, local-scale, exothermic reactions though the addition of
acetylacetone “fuel” into metal nitrate precursor solutions; these local-scale reactions effectively

lower the activation barrier to metal-oxide lattice condensation and reduce the global annealing

temperature.*** Combustion synthesis (CS) solutions can be deposited onto substrates through

128-129 40, 44, 127

either a spray (Spray-CS, Figure 1B) or spin (Spin-CS, Figure 1C) coating process.
This work provides a direct and in-depth comparison of these fundamentally dissimilar

synthesis techniques, pulsed laser deposition (PLD, Figure 1A) and combustion processing
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(spray and spin, Figures 1B and C), to elucidate the effects of processing methodology on the

properties and performance of a-oxide semiconductors.
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Hot
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Figure 7.1. A schematic demonstrating the A) PLD deposition method, B) Spray-CS method,
and C) Spin-CS method. All three methods were used in creating the channel layer of

transistors with the architecture shown in D).
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These methods are compared using the amorphous In-Ga-O (a-IGO) system as a model TCO
class. The use of a materials system rather than a single composition enables the systematic
comparison of structure-property trends and provides greater confidence in assessing underlying
causes. a-IGO provides a simpler two-cation system where a foundational study on PLD a-IGO

can be referenced (chapters 4 and 5)."*"

TFT performance is evaluated for devices fabricated on
Si0,/Si substrates with Al contacts; a-1GO films prepared by PLD, Spin-CS, and Spray-CS serve
as the channel layer. TFT mobility is an important metric in creating efficient TFTs capable of
operating at high speeds and enabling devices with fast refresh rates. In this investigation, we
demonstrate that PLD films exhibit the highest mobilities, but that solution processed
combustion-derived films are close competitors The highest performing Spin-CS films in this
work establish devices with the best reported average mobility for a solution processed 1GO
transistor (17.67 cm”- V '+ s ™). Control of on-voltage is important for improving the energy
efficiency of transistors. An ideal transistor can be turned on at low-voltage and does not require
a back voltage to remain in the off state. The most consistent, and composition independent, V,,

in this work are seen in the Spray-CS films and suggests that the Spray-CS method leads to

consistently low carrier concentrations.
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The role of deposition parameters on a-IGO thermal stability is assessed here through in situ
glancing incidence X-ray diffraction (GIXRD) measurements taken during air annealing studies.
The need to ensure thermal stability of the amorphous phase was emphasized as early as
Nomura’s work in 2004.* Multiple studies since have explored the thermal stability of
amorphous phases in response to post deposition annealing, but only for PVD films.**7* ¢! 13!
Previous work has shown that the onset of crystallization can greatly reduce carrier mobility'>*!
and result in poor uniformity of the threshold voltage (V)."** As channel layers, amorphous
oxides are only a single layer within a multi-layer device; thermal stability is important to
maintain stable film performance after additional layer deposition. Insight into thermal stability
is obtained here through X-ray reflectivity (XRR) and X-ray absorption spectroscopy (XAS)
characterization. It will be seen that the evolution of density upon crystallization is greatest for

the combustion processed films and contributes to the superior thermal stability of

combustion-processed films over PLD films.
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7.2 Results and Discussion
7.2.1 Transistor characterization
PLD channel layers were grown at 25°C in 48.5 mTorr of O,. It was necessary to optimize the
O, partially pressure; reducing it in the deposition chamber by only 3 mTorr resulted in films that
were too conductive to create functioning TFTs. Note that the importance of O, environment has

also been reported in sputtered a-IGO films.*" '

PLD devices with channel layers containing
9.3 at% Ga (IGO9.3) exhibit the highest saturation mobility (i), 42.13 cm*- V '+ s ' (Table
7.1). PLD IGO transistors have not been reported however, top-performing sputtered 1GO
channel layers having u between 27" and 43" cm”- V ' - s " have been reported, in good
agreement with the top-performing PLD TFTs in this work. Spin-CS channel layers were
fabricated at 300 °C. The highest pq, 17.67 em?- V' s was measured on the film with the
lowest Ga content, mirroring the trend measured in PLD devices. The u, values of the IGO13.9
devices represent a significant improvement over other solution-processed IGO TFTs with
reported mobility ranges between 1-12.7 cm®- V ' - s 7!, while the report'*' of 12.7 cm*- V' - s

-1 120-121, 132, 135-139
is from a film processed at 500 °C. e
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Table 7.1. Performance metrics from TFT devices made with 10-15 nm a-IGO channel layer
films deposited on SiO,/Si with Al contacts fabricated via PLD, Spin-CS, and Spray-CS*

c it (cm?/Vs) Ven (V) Von (V) Log Sub. Slope
omposition cm/Vs
P " th on (On/Off) (V/dec)
PLD 42.13 9.65 -1.80 = 6.76 1.27
IGO 9.3 +0.87 +0.94 0.63 +0.11 1+ 0.07
PLD 20.05 -67.40 -74.8 + 3.65 8.02
IGO 18.0 +5.31 +10.43 2.39 +0.97 +4.91
PLD 16.21 -24.3 -28.70 5.89 1.84
IGO 28.0 +4.32 +6.51 1.95 +0.40 +0.34
PLD 4.56 -1.09 -8.20 = 6.16 1.20
IGO 35.0 +2.06 * 8.92 1.32 +0.41 +0.14
Spin-CS 17.67 -13.96 -25.78 + 4.95 4.30
IGO 13.9 +1.15 +11.35 4.76 +1.13 +5.07
Spin-CS 10.60 4.85 -13.22 6.20 2.11
IGO 25.6 +0.22 231 7.33 +0.41 +0.98
Spin-CS 9.52 6.21 -7.88 £ 6.64 1.69
IGO 39.1 *+1.05 *+6.59 3.80 +0.22 +0.55
Spin-CS 2.51 10.13 -0.22 6.67 1.44
IGO 50.9 +0.54 1+ 2.08 1.20 +0.26 +0.20
Spray-CS 5.52 4.92 -12.00 + 5.19 2.88
IGO 18.2 +0.49 +5.23 4.67 +0.17 +0.34
Spray-CS 6.60 9.67 -8.50 + 5.64 2.13
IGO 26.2 +0.16 +2.04 2.46 +0.30 +0.31
Spray-CS 6.74 9.03 -6.70 £ 5.70 1.99
IGO 33.1 +0.35 +1.55 1.64 +0.23 +0.21
Spray-CS 5.03 12.98 -2.00 £ 6.02 1.68
IGO 42.3 +0.23 +0.82 1.25 +0.29 +0.24

*From > 10 devices made on each representative film
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Figure 7.2. X-ray characterization data for 1GO TFT films grown by PLD (red), Spin-CS
(green), and Spray-CS (blue). A) GIXRD patterns of as-deposited 1GO films before the
deposition of Al contacts. Note, that at low Ga content, Spray-CS films are partially crystalline
and display peaks at Q values of ~2.2 and 2.5. The 400 peak from the Si substrate can be seen at
0O ~3.6. B) XRR plots of as-deposited IGO films. Fits are shown as black lines. C) Electron
density of each TFT channel layer. Films with multiple layers are presented as the average
density of all layers. D) Scattering length density (SLD) as a function of distance from the
surface of the film.
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Spray-CS channel layers were initially grown at 250 °C where all films are amorphous across the
entire In-Ga composition space however, charge transport was immeasurably low in these films
so that functioning TFTs were unobtainable. However, functioning TFTs could be fabricated
with Spray-CS films grown at 300 °C. This work represents the first report of IGO TFTs made

through a spray solution processing method. The highest s, for a Spray-CS film, 19.99 cm*- V

1.5 was measured for devices fabricated with an 1GO26.2 film. However, the large spread in

Usqr values for [GO26.2 film devices resulted in a standard deviation >2x higher than for devices

made with other Spray-CS films. In addition, u, for a second 1G0O26.2 film was lower, 6.60

-1

em® V7' s This discrepancy is likely due to the partially crystalline nature of the [GO26.2

films (Fig. 7.2A) and highlights the importance of film thermal stability in creating reproducible

devices.

Both Spin-CS and PLD TFTs exhibit a downward trend in IGO g, with increasing Ga

content (Fig. 7.3A). This trend has previously been reported in both TFT-derived mobility *'-'**

138 140 41

and Hall mobility'* for a-IGO films grown via sputtering and solution processing

: 120, 138
methodologies ™

. MD simulations combined with DFT illustrate that the preference of Ga to

remain 4-fold coordinate is effective in disordering and disrupting the conduction manifold and

thus decreasing mobility (chapter 5). ¥’
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Figure 7.3. Saturation mobility A) and on voltage B) of TFT devices made with a-1GO channel
layers deposited by PLD (red squares), Spin-CS (green circles), and Spray-CS (blue
triangles). Each point represents a separate film deposition. Greater than 10 devices were
measured on each film,; error bars represent the standard deviation between devices. Dashed
lines represent linear best fits of PLD (red) and Spin-CS (green) data and are provided to
highlight Ga-dependent trends. Purple triangle represents partially crystalline Spray 1GO26

film.
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Note that evidence of 4-fold coordinate Ga in the present IGO films is provided by extended

X-ray absorption fine structure (EXAFS) analysis (Fig. 7.4) of the PLD and Spin-CS films.

Furthermore, 4-fold coordinate Ga is also found to be a significant source of traps (chapter 5).

This is indicated by the increase in the hysteresis of forward-and-reverse voltage sweeps (Fig.

7.5) as the Ga substitution level increases, and is observed for both the Spin-CS and PLD TFTs.

No significant Ga-dependent trends are seen in the Spray-CS films, suggesting that processing

conditions have the dominant influence on p,, and trap density in Spray-CS films. Along these

lines, the sub-threshold swing is large and p1s similar for all Spray-CS devices, regardless of

composition. In comparing the PLD devices to the solution processed devices (Spin-CS and

Spray-CS), us« is clearly the device metric where the PLD films are superior. The fully

amorphous (Fig. 7.2A) nature and consistently high as-deposited film densities (Fig. 7.2D) are

likely the contributing factors to the high mobilities of the PLD films, as compared to the

. 15,128, 134
solution-processed films. >

An uptrend in a-IGO TFT on-voltage (V,,) with increasing Ga content is established here

for all Spin-CS devices and PLD TFTs with >10 at% Ga (Fig. 7.3B; Table 7.1). Such an

increasing V,, suggests that carrier concentrations decrease with increasing Ga content, and is in
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accord with reduced a-IGO carrier concentrations with added Ga reported previously from

120, 137-138 140

transistor metrics and Hall measurements
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Figure 7.4. Coordination number comparisons from In K-edge and Ga K-edge EXAFS data
for PLD films grown at 7.5 mTorr, Spray-CS films grown at 250 °, and Spin-CS films. A)
Comparison of M-O coordination. B) Comparison of M-O bond length.

The role of Ga in modulating carrier concentrations is attributed to the high Ga-O binding
affinity, with oxygen vacancy-like defects being the primary source of carriers in a-IGO, and
previous work suggesting that Ga creates an unfavorable environment for forming these defects.
A significant range of V,, values, or those of the similar metric, threshold voltage (V}), are

41,133 . .
* 7 and solution processing

reported for a-IGO films deposited via sputtering (-14 to 3.05 V)

(15.1 to -17)1*% B3¢ 13313 1 the present study, PLD devices are found to almost always operate

in depletion mode, where V,, is negative (Table 7.1). In depletion mode, transistors must be
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driven while in the off state. Devices fabricated from IGO18 PLD films are especially
conductive, with V,, falling below -60 V. Note that spray-CS and Spin-CS films have much

higher V,, and Vy values, with the majority of films having V,, no less than -10 V.
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Figure 7.5. Comparison of forward-to-reverse voltage sweep hysteresis observed after 10
voltage sweeps of devices with a-IGO channel layer deposited via A) PLD, B) Spin-CS, and C)
Spray-CS.
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Vi for Spray-CS films suggests that all Spray-CS films operate in enhancement mode where is
Vi positive. The more positive V7, of all Spray-CS, over the Spin-CS and PLD films (Table 7.1),
suggests that the Spray-CS processing method is especially effective at reducing the carrier
concentrations.”’ The EXAFS analysis in this work (Fig. 7.4) reveals high In-O coordination
numbers for the Spray-CS films (Fig. 7.4A), also suggesting that oxygen vacancy-like defects
around the In atoms (the source of carriers) are correspondingly low. The fine mist created
during Spray-CS presumably enables rapid solvent evaporation and likely, high O, exposure to
for the metal atoms, leading to dense, well-formed metal-oxygen matrices and a low densities of
oxygen vacancy-like defects (i.e., carriers).'**

Overall the highest performing PLD transistors identified in this study are those fabricated
from 1G0O9.3 films. These devices have the highest average ., reasonable V,,, and no visible
hysteresis. Note however that output plots of PLD transistors (Fig. 7.6) suggest there may be
issues with charge injection in some devices and that Al contacts may not be perfectly ohmic for
these devices. Better performance may be achieved with contact optimization.'"*' Consistent with

120, 137

similar solution-processed a-1GO studies, the highest performing Spin-CS films are those

grown in the 25-40 at% Ga composition range. They consistently display ., above average for



solution-processed films (6.67-11.92 cm2 - V -1

on/off ratios (106 — 107 V), and positive Vth.
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Figure 7.6. PLD output plots for A) 9.3 at% Ga, B) 18.0 at% Ga, C) 28.0 at% Ga, and D) 35.0

at% Ga.

Although slightly underperforming in comparison to Spin-CS devices, Spray-CS devices still

display very good device performance for solution processed films.® The only metric where
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Spray-CS truly underperforms, in comparison to the other processing methods in this work, is

Usar. The significant difference in density for Spray-CS deposited at 300 °C (Figure 2C) vs. at

250 °C (Figure 7B) highlights the strong dependence of Spray-CS films on processing

parameters. The Spray-CS method clearly has a much larger optimization space than the Spin-CS

technique and is still relatively new. With additional rounds of optimization, Spray-CS films

have the potential to perform as well as, or even out-perform Spin-CS-derived films.

7.2.1 Thermal stability

To understand the interplay of deposition method on thermal stability, in situ GIXRD

measurements were performed during air annealing studies. Films were heated at a constant rate

of 2 °C/min, and the crystallization kinetics were sufficiently slow to record multiple 5.5 min

diffraction scans during the crystallization of a series of a-IGO films deposited by PLD,

Spray-CS, and Spin-CS. From the GIXRD data the crystalline phase fraction could be tracked

over time and temperature (Fig. 7.7). The onset of crystallization (Tonset) and crystallization

temperature (defined as the temperature at which 60% crystallization is achieved) are plotted as a

function of Ga content and deposition method (Figure 7.8A). As seen in an ex situ study of PLD

IGO (chapter 4), the crystallization temperature rises with the addition of the substitutional Ga

cation. The results of this study further suggest that the preference of Ga to remain 4-fold
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coordinate, in contrast to the surrounding In-O matrix, inhibits the onset of crystallization.
EXAFS fits establish that persistence of 4-fold coordinate Ga holds true for all compositions and
all processing methods (Fig. 7.4). The short Ga-O bond distances provide additional support for
the low Ga-O coordination numbers. From figure 7.8 it is clear the Ga concentration is the

dominant factor in determining thermal stability of a-IGO films.
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Figure 7.7. A) GIXRD patterns are taken continuously during air annealing. Films are heated
inside a graphite dome at a rate of 2 °C per minute. 20 scans each lasted 5.5 minutes. B) Percent
crystalline fraction of Spin-CS IGOI17 sample is plotted as a function of median scan

temperature.
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Figure 7.8. A) Crystallization temperature and B) temperature at the onset of crystallization, of
spin combustion (green), spray combustion (blue), and PLD (red) a-1GO films as a function of
at% Ga. Data points indicated by x in figure A represent those which required extrapolation due

to sample deterioration or instrumental temperature limitations.

The PLD films exhibit the lowest thermal stability. The onset of crystallization occurs at
lower temperatures than either the Spin- or Spray-CS films; this trend holds true for all a-IGO
compositions. A likely reason is that heat is not dissipated in burning off the organic residue
remaining in the CS films. XPS studies of Spin- and Spray-CS films reveal residual organic
material in the as-deposited CS films,'*” '** in contrast, PLD takes place in vacuum. XRR scans

taken before and after annealing show (Fig. 7.9) the as-deposited PLD films have relatively high
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densities. Recent work by Cui er al. '*

on a-In-Ga-Zn-O determined that thermal conductivity
decreases linearly with film density. Therefore, PLD films may crystallize quickly because they
have the highest thermal conductivity. XRR results also reveal that the present as-deposited PLD
films are closest in density to their final crystalline density (Fig. 7.C); thus, the structural

rearrangement required for PLD films to crystallize may be reduced versus the Spin- and

Spray-CS films.
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Figure 7.9. Scattering length density showing the increase in density and decrease in thickness
from before crystallization (dotted line) to after crystallization (bright line) for a representative
Spin-CS (green, A), Spray-CS (blue, B), and PLD (red, C) film.

Spin-CS films exhibit the highest thermal stability below ~45 at% Ga and 600 °C.
Previous XPS studies'*® suggest that Spin-CS films may have the highest level of organic content
remaining in the film. XRR of thin films also highlights the layered nature of the Spin-CS films

(Fig. 7.2C) that results from the layer-by-layer spin coating process (Fig. 7.1C). The presence of
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distinct layers in Spin-CS films has been seen previously.'**'**

These layers likely play a role in
the crystallization mechanism and may hinder the structural relaxation that takes place upon
crystallization.”® Additionally, the film may act as multiple very thin films, as opposed to a thick
film. Very thin films have much slower crystallization rates, due to their higher interface-to-bulk
ratio.'*’

For the thermal stability study, all Spray-CS films were grown at 250 °C to ensure these
as-deposited films were amorphous. The onset of crystallization was found to occur below 300
°C for films with Ga contents below 22 at% Ga (Fig. 7.8), providing insight into why Spray-CS
films deposited for TFTs at 300 °C are crystalline in the low-Ga regime. Spray-CS films initially
have lower thermal stability than Spin-CS films but they outperform both Spin-CS and PLD
films in the high-Ga, high-temperature regime. Note that unlike the more linear trend in Tonget VS.
Ga content seen in PLD and Spin-CS films, the thermal stability of Spray-CS films becomes
increasingly dependent on Ga content as Ga substitution is increased. Interestingly, the density of
the crystalline Spin-CS films is lower than that of both crystalline PLD and crystalline Spin-CS
films. Furthermore, the densities of the post-annealed crystalline films (Fig. 7.9B) are essentially

identical to the densities of the crystalline-as-grown films (Fig. 7.2C, IGO18). Previous work on

the IGO system has shown that In-O coordination number rises during crystallization (chapter 4);
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this coordination number increase is due to either structural relaxation' >

(i.e. densification), O,
uptake into the film, or more likely, a combination of both mechanisms.”” Since high In-O

coordination numbers (Figure 7.4) are already achieved in as-deposited Spray-CS, the level of

densification required for crystallization may be reduced.

7.3 Conclusion

PLD, Spin-CS, and Spray-CS processing methods were compared in the a-IGO system across a
broad range of Ga substitution. The thermal stability of amorphous oxides was found to be
significantly influenced by the processing method. Films grown by combustion processing
methods have higher stability than films grown by PLD. For all processing methods, the a-IGO
thermal stability can be tuned by controlling the film Ga content. The results of PLD and
Spin-CS TFTs suggest that these processing methods are responsive to composition-dependent
property tuning, with Spin-CS TFTS showing the clearest and most consistent trends. PLD films
were shown to have the highest carrier mobilities, due in part to their superior density. EXAFS
and Vy measurements of Spray-CS films suggest these films contain high levels of M-O

coordination that lowers carrier concentrations.
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7.4 Methods

7.4.1 Film and TFT synthesis

Films used for thin film transistors (TFTs) were deposited onto SiO,/Si substrates
purchased from WRS Inc. The SiO; layer was confirmed to be 300nm thick and served as the
dielectric layer. Films used for the crystallization study were deposited on <100> Si wafers
purchased from WaferNet Inc. The single crystal substrate was important for insuring that
observation of the amorphous-to-crystalline transition was not obscured by excess background
scattering or Bragg peaks. Films used for XAS studies were deposited on quartz substrates. All
substrates were ~2 x 2 cm’. Before film deposition, substrates were sonicated in 200-proof

ethanol for 10 min and O, plasma cleaned on high for 5 min.

7.4.2 Pulsed laser deposition (PLD)

All pulsed laser depositions employed a 248 nm KrF excimer-laser; the laser was focused to a 1
x 2 mm? spot size and used to ablate the ceramic targets, creating a plume of target material. A
laser-pulse-duration of 25 ns and a beam energy of 200 mJ/pulse was used. To prevent localized
heating, the targets were rotated and the laser beam was rastered radially. Various

gallium-to-indium ratios were achieved through alternating ablation between an In,O; target and
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a Ga,0O3 target, both purchased from Super Conducting Materials Inc. Less than 1 monolayer of

target material was deposited during each In O3/ GayO; cycle to insure mixing at the

atomic-layer level.

For TFTs, films were grown at room temperature in a 48.5 + 0.5 mTorr O, environment. O,

pressure in the deposition chamber was automatically set with feedback from a baratron pressure

gauge. A convectron pressure gauge was used to verify the oxygen pressure. A

target-to-substrate distance of 60 mm was used. Films were 15-17nm thick. For crystallization

studies, films were grown at -25 °C in a 7.5 + .5 mTorr oxygen environment. A

target-to-substrate distance of 10 mm was used. Films were 25-35nm thick.

7.4.3 Combustion synthesis

All reagents where purchased from Sigma Aldrich and used as received. The precursor solutions

were prepared with In(NO3);-xH,O and Ga(NOs);-xH,O salts in 2-methoxythanol to produce

0.05 M solutions. After the salts were completely dissolved, acetylacetone (2:1 ratio of

acetylacetone to metal center) and ammonium hydroxide (1:1 ratio of NH4OH to metal center)

where added. The solutions were stirred at room temperature and aged overnight. The precursor
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solutions were mixed in the desired ratios and stirred at room temperature for approximately 1-2

hours before use.

7.4.4 Spray combustion synthesis (Spray-CS)

The substrates were heated to 300 °C for the duration of the spray coating. For the crystallization

and XAS study a lower temperature of 250 °C was used to insure all films were amorphous. The

precursor solution was sprayed through an ultrasonic nozzle, held 7.5cm above the substrate, at a

rate of 0.5 mL/min. The films were then annealed for 1 minute without any additional solution.

Total spray time was adjusted to create films with thicknesses of 9-16 nm for TFTs, 30-58 nm

for crystallization studies, and 200-400 nm for XAS studies.

7.4.5 Spin combustion synthesis (Spin-CS)

Inside a dry-box (humidity = 23%) the precursor solutions were deposited drop-wise onto clean

substrates, using syringes fitted with 0.2um filters, and spun at 3500 rpm for 30 seconds. After

each spin-coated layer, the films were annealed in air for 20 minutes at 300 "C. A total of four

layers were deposited to create 10 nm thick films for use in TFTs. 14 layers were used to create

30nm thick films for XAS and crystallization studies.
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7.4.6 Transistor fabrication and testing
TFTs were fabricated with 10-15 nm thick channel layers deposited by PLD, Spin-CS, and
Spray-CS across a range of a-IGO compositions. Precautions were taken to eliminate as many
variables between the devices as possible. Transistors were made and tested within weeks of
each other in the same laboratory, by the same researcher. All films were grown on the same
Si0,/Si substrates. After deposition, all films were etched with oxalic acid to produce films
slightly smaller in area than the shadow mask used for contact deposition. For Spin-CS and
Spray-CS, the etched films where annealed at 300 °C in low humidity (5%<) for 50 minutes.
Aluminum contacts were deposited via thermal evaporation (rate of > 1 A/s and pressure < 4 x
107 torr) through shadow masks. The channel geometry had a width (W) of 1 mm and length (L)
of 50 um. Immediately before testing, PLD films were annealed at 300 °C in low humidity (5%<)
for 45 minutes. The devices were tested in ambient using an Agilent B1500A Semiconductor

analyzer.

7.4.7 Film composition
X-ray fluorescence spectroscopy (XRF) was performed on each sample to verify the In/Ga

atomic ratio achieved in each film. This measurement was essential since film composition did
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not follow the PLD pulse ratios or solution processing precursor ratios; film compositions were
always gallium-weighted and pulse/solution ratios had to be adjusted. Note that a similar trend
has been observed previously. >’ The Ga K and In L fluorescence yields were corrected for the
different absorption cross-sections and detector efficiency (See Supplemental Information,

Equation S1).

7.4.8 Crystallization study

In situ grazing incidence X-ray diffraction (GIXRD) was performed to monitor the onset of
crystallization in IGO films. Films were heated in air at 2 °C/min with an Anton Paar heating
stage fitted with a graphite dome. The 5.5-minute Q-range scans from 1.8-2.8 A™ were taken
continuously during the annealing processes with a Rigaku Smartlab instrument employing a
multilayer monochromated Cu rotating anode source and point detector. The incident angle of
the 8.04 keV X-ray beam was set at 0.6°. The critical angle for InyOs is 0.37° at this energy. The
onset of crystallization was determined by the emergence of a crystalline diffraction peak
appearing above the amorphous scattering hump. GIXRD scans depicting the onset of
crystallization for each film can be seen in the supplemental information. To track the evolution

of crystalline fraction (Pc,s), a MATLAB script was used to integrate the area under the
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crystalline diffraction peaks (/.) and the area under the background-subtracted, total scattering
pattern (/ioa1). Plots of P versus temperature for each sample are in the supplemental
information.

I

Pcryst = I
total

(7.1)

We define crystallization temperature as the point at which each film reached 60% crystallization.
To gain more detailed insight into the crystallization kinetics a more rigorous study should be

performed employing a 2D detector to quickly sample a larger Q-range.

7.4.9 Structural characterization

XRR was performed using the Rigaku Smartlab instrument described above. Films were fit using
the Motofit package.*® XRR fits revealed the thickness, electron density, and interfacial thickness
for each film. Ellipsometry (J. A. Woollam M2000U Ellipsometer) confirmed XRR determined
thickness and provided a measurement of films whose thickness was beyond the resolution of the

multilayer. GIXRD was performed on each film to establish the amorphous nature of the films.

7.4.10 X-ray absorption spectroscopy (XAS)
X-ray absorption spectroscopy was carried out at the bending magnet 5-BM-D beamline of the

DuPont-Northwestern-Dow Collaborative Access Team at the Advanced Photon Source (APS)
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of Argonne National Laboratory. XAS data were collected in fluorescence mode at the In and Ga
K-edges, respectively, using a 4-element Si-drift detector (Vortex-ME4) with DXP-XMAP
electronics (XIA LLC).

Data analysis and extended X-ray absorption fine structure (EXAFS) fitting were done
using the iXAFS package.®”’ Fittings of the first shell structure were carried out in real space in
the R-range of 1.0 — 2.15 A and 1.0-2.36 A for the Ga and In K-edges, respectively. The
amplitude reduction factors, SO%, of 0.98 for the Ga K-edge and 1.04 for the In K-edge were

determined from fits of the two crystalline reference samples (In,O; and Ga,03).
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CHAPTER 8: Conclusions and Future Work

The study of amorphous oxides was approached from a highly fundamental and collaborative
angle. Gallium was explored as a modifying cation in the a-IGO system. Despite the lack of
long-range order, structure-property relationships were successfully identified and the role of Ga
in the thermal and electrical properties of a-IGO was understood. The combined use of multiple
element-specific, local-structure X-ray techniques and MD simulations allowed for
unprecedented insight into the influence of Ga substitution. Ga was shown to increase the
thermal stability of a-10, doubling the crystallization temperature with only 8 at% substitution.
The strong preference of Ga to maintain 4-fold coordination was exposed as the reason for the
increased thermal stability. The structure of the IGO films before and after the crystallization
transformation revealed that the change in local structure around Ga upon crystallization is much
more significant than the change around In.

The influence of Ga on the carrier concentration was probed in great detail. The high

Ga-O binding affinity is often cited as the reason why Ga substitution lowers conductivity. *''**

'4% This work demonstrated that Ga polyhedra simply act to dilute the source of carriers, cluster

of low-coordinate In-O polyhedra. Ga-O polyhedra are much less likely to be

under-coordinates and thus they do not act as a source of carriers. Furthermore, Ga-O polyhedra
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inhibit the clustering of the low-coordinate In-O polyhedra, further lowering the carrier

concentration. The disruption of Ga-O tetrahedra was also tied to the drop in mobility that

follows increased Ga substitution. The Ga tetrahedral disrupt the formation of the conduction

matrix and act as a source of traps.

The dominant defect mechanism in a-IZO was explored experimentally through the

adaptation of Brouwer analysis to amorphous oxide thin films. This work expanded on the

foundational study that applied Brouwer analysis to amorphous oxides, by Adler et al., and the

initial experimental study of defects in a-IZO, by Lee et al. The application of in situ Brouwer

analysis to a-1ZO confirmed that oxygen vacancies are the dominant point defect mechanism.

The success of this work helps adds Brouwer analysis to the limited number of experimental

techniques available for studying defects in amorphous oxides.

The materials science paradigm, processing-structure-properties-performance was

accomplished for the a-IGO system. The influence of combustion synthesis (CS) (both Spin-CS

and Spray-CS) and pulsed laser deposition (PLD) on the properties, structure, and performance

of a-IGO was studied. Comparisons made across the In-Ga composition phase space provided

confidence in this assessment. The Ga-dependent trends of increased thermal stability, decreased

carrier concentration, and decreased mobility with increased Ga substitution were shown to
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persist despite the processing method of the films. Combustion processed films showed greater
thermal stability over PLD films as a result of the greater densification CS films undergo upon
crystallization. PLD demonstrated the best performing mobility, especially at low Ga
concentrations. However, the films made through spin combustion processing showed the most
consistency between films. Both PLD and Spin-CS films exhibited multiple Ga-tunable
properties including TFT mobility and on-voltage. The Spray—CS films demonstrated low level
of carrier in all films. EXFAS fits suggest that the low carrier concentrations are likely as a result

of increased oxygen coordination and high metal-oxygen coordination.

8.1 Future Work: Amorphous Oxides for Wearable Thermoelectrics

The emergence of flexible electronics is opening the door to highly biocompatible health sensors.
However, most wearable devices available today must be charged externally on a daily basis,
limiting their applications.'*” Health monitoring of elderly patients, patients in rural areas, or
even wild animals is not compatible with the time and readily available electricity it takes to
externally charge a battery. Utilizing energy harvesting technology would allow health sensors to
be charged during use. For instance, recent studies have begun exploring the use of wearable

thermoelectrics that utilize the body’s own thermal energy as a source of power.'***
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Thermoelectrics are known for their stability. Their ability to create electricity from thermal

149

gradients in the absence of moving parts means that they can run reliably and quietly. ™ To date,

most thermoelectrics research has focused on achieving the best possible figure of merit (ZT)."*
However, high performing thermoelectrics are often made of toxic, brittle materials with costly
synthesis routes, which are prohibitive for use in wearable health sensors. Instead, polymer
thermoelectrics have largely been explored as potential materials for wearable thermoelectrics. In
direct contrast to traditional thermoelectrics, organics have low cost materials that are flexible
and can be made cost effectively over large areas. Significant success has been seen in creating
p-type organic semiconductors for thermoelectrics, but the challenge of creating suitable n-type
polymers has limited the field.'*’

Solution processed n-type oxide semiconductors may provide a solution to the realization
of wearable thermoelectrics. The field of transparent conducting oxides has already demonstrated

6, 129

solution-based routes to n-type oxides that are suitable for flexible electronics. Recent

studies have begun to explore amorphous oxides as potential thermoelectric materials.'** '*!
Thermoelectrics draw their power from the existence of a thermal gradient; therefore

thermoelectric materials need to have low thermal conductivity in order to maintain a

temperature gradient. Preliminary work has shown that thermal conductivity of n-type oxide thin
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films can be modulated by the nano-scale porosity created during combustion processing (a

recent development in solution-processing methods).” '+

However, the relationship between
processing parameters, film morphology, and film performance is not well understood. By
developing a strong understanding of combustion processing, film microstructure can be
controlled, resulting in the ability to optimized thermoelectric performance of n-type solution
processed oxide for use in wearable health sensors.

Thermoelectrics have the unique ability to turn waste heat back into useful electricity.
However, they present a significant materials challenge because their performance relies on
competing interactions. The basis of thermoelectric power generation is the Seebeck effect: when
a thermal gradient exists across a conducting material, hot electrons diffuse to the cold side and
create a buildup of charge and therefore, a voltage across the material. The thermoelectric figure
of merit, zT, is a function of the Seebeck coefficient (o), absolute temperature (T), electrical
resistivity (p), and thermal conductivity (k).

72T = az_T (8.1)
pK
To optimize zT, thermoelectric materials must have a large Seebeck coefficient, low

electrical resistivity, and low thermal conductivity, properties that are highly interrelated.'

Recent work in the field has focused on decoupling electrical and thermal conductivity through
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the development of multi-scale structuring. Success of this approach has led to record high zT

and resurgence in the field.'*"*% 12

However, these record-setting thermoelectrics materials are
not designed for biocompatibility.

Proof of concept health sensors using power generated from wearable thermoelectrics
have been tested. Demonstration of small devices has shown that the temperature differential
between human skin and the surrounding air is enough to power useful technology. However, the
wearable thermoelectrics tested to date are thick (~1-2 cm), making them uncomfortable.
Optimal wearable thermoelectrics need to have good thermal contact with skin and be
light-weight and flexible to optimize both performance and comfort.'*’

Polymers are a common choice when it comes to flexible, lightweight materials. Building
from the knowledge developed in the organic solar cell community, conjugated polymers have
been explored as possible thermoelectric materials. Highly ordered and doped materials like
PEDOT: Tos and PEDOT:PSS have been demonstrated to have good thermoelectric properties,
but only as p-type materials.'*’” Full thermoelectric devices consist of both n- and p-type legs
connected electrically in series and thermally in parallel. Strong n-type thermoelectric polymers

147

have not yet been seen. "~ A solution to the challenge of highly doped n-type polymers in the
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other electronics communities has been to integrate p-type polymers with n-type inorganic
materials.'>

Unlike polymers, oxide semiconductors are easily made with high and tunable n-type
carrier concentrations. Amorphous n-type, indium-based oxide semiconductors recently gained
attention in the transistor sphere when mobilities upwards of 50 cm®/Vs were demonstrated in
sputtered films grown at room temperature.” * Low temperature synthesis of these materials
opens the door to compatibility with organic materials. Several studies have demonstrated that
tuning the oxygen content, either during deposition or in post-deposition annealing, can control

carrier concentration through several orders of magnitude.> * 20" %>

Recent work by Fujimoto et
al'® analyzed the thermoelectric potential of amorphous In-Ga-Zn-O (a-IGZO) near room
temperature. Their work demonstrated that by controlling carrier concentration, an optimized
thermoelectric power factor (0°c) is obtained. The power factor demonstrated by Fujimoto in
a-1GZO rivals the top organic-based n-type polymer thermoelectrics. Oxides show promise to
outperform polymer thermoelectrics if optimization of thermal conductivity is obtained through
control of film microstructure. If the gains seen in other thermoelectric materials are an accurate

predictor, thermoelectric performance of amorphous oxides could more than double with precise

149, 152
structure control. ™
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A new method of solution processing, known as combustion processing, shows promise

as a cost-effect method for growing oxide materials with multi-scale microstructure. '**
Combustion processing has been explored in a number of oxide materials. '* The key to
combustion processing is to combine in solution an oxidizer (metal nitrate salt) and a fuel
(acetylacetone) in order to lower the energy barrier of oxide formation. A metal
nitrate-acetylacetone solution is deposited onto a substrate through either spin or spray coating.
Upon exposure to heat, local exothermic reactions occur, facilitating the formation of a
well-connected metal-oxygen lattice while allowing the temperature of the substrate to remain
low. Global substrate temperatures remain low enough for compatibility with plastic substrates.
The local combustion reactions release solvent gases that result in the formation of nanoscale
porosity. The scale of pore size and the level of film porosity change in response to the

deposition conditions of the film (temperature, thickness, etc.).'*®

Understanding of how film
porosity can be controlled to obtain desired structures has not yet been achieved.

Cross-plane thermal conductivity in a-IGZO films made through combustion processing
reveal that a porous oxide microstructure does decrease thermal conductivity.'** Three a-IGZO

films were grown under differing conditions to produce a range of porosity. The thermal

conductivity of the films ranged between 0.3 and 1 W/mK, with the most porous film having the
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lowest value. Though not explored in the work by Grayson'"!

et al., film density also affects
electrical mobility in amorphous oxide thin films, with denser films having higher mobility.** To
use combustion synthesis in the growth of thermoelectric oxides, an intimate knowledge of the
relationship between microstructure and properties will be necessary in optimizing the
competing interactions of thermal conductivity and electrical conductivity.

The success of combustion processing of oxides for thin film transistor applications
provides a strong foundation from which to expand their application to the field of wearable
thermoelectrics. Initial studies of combustion processing have demonstrated that tunable
microstructure and therefore tunable performance of oxide thin films can be achieved. An
in-depth study into the processing parameters which govern microstructure formation in

combustion processed films will allow for optimization of solution processed oxides as n-type

materials for thermoelectric health sensors.
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APPENDIX

Appendix A: Thin Film X-ray Fluorescence Manual

A.1 Introduction

— . Xsamp .
S4 S3 - S2 51

/Q hg =] 1

th

= . tth
Motors (Table A1)

1 Mo X-ray source

2 Multilayer monochromator
3 Attenuators

4 Detector

5

Fluorescence detector

Figure A.1. Diagram of XSW instrument showing the positions of the slit motors (S1, S2,
S3, S4), 6/a motor (th), 20 motor (tth), and z motor (xsamp). The X-ray path is indicated
by the grey dashed line.

The XSW two-circle diffractometer in the J. B. Cohen X-ray Diffraction Facility is equipped
with a Mo 18-kW rotating anode, collimating multilayer monochromator, and Si drift diode
detector making it well suited for performing X-ray fluorescence (XRF) measurements on thin
films. This appendix serves as a general guide for setting up the instrument for XRF data
acquisition, using the Bedzyk group Matlab script “Sugomat” to fit the data, and applying the

necessary data corrections based on sample and measurement geometry. For a more in depth,
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step-by-step guide to data acquisition and fitting please see the XSW protocol in the Bedzyk

group Google Drive folder.

A.2 Data Acquisition

Table A.1. Basics of SPEC for Mo 18-kW rotating anode 2-circle (XSW) instrument

Two c

Opens SPEC in the terminal

Motor Names

See figure Al for additional information

xsamp Moves the sample along the x direction
th Rotates the sample stage to adjust the theta angle
tth Rotates the Huber 2-circle axis to adjust the two theta angle
Adjusts the horizontal gap of the indicated slit, slit S1 is closest to
slhg, s2hg, ... X-ray source (units in mm)
slvg, s2vg, ... Adjusts the vertical gap of the indicated slit (units in mm)
Commands
cd Change directory
newfile Creates a new log file
ct Count for indicated time (in seconds)
wu Displays the current positions of all motors
mv Moves indicated motor to indicated position
Moves indicated motor to indicated position and displays position as
umv it moves
uan Moves both the tth and th motors in one command
Scans the indicated motor over the indicated range with the indicated
dscan number of steps
set Resets a motor position to the indicated value

XSW SPEC macro

qdo/home/user18kw/macros/xswdxp_ Vortex.mac

setxswdxp

Opens the window for setting up the scan parameters (see Table A2)

xswdxp

Runs the XSW macro
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Mount the sample and adjust the straight through beam intensity by employing the pneumatic

attenuators (Fig. Al, 3). Perform a half-beam alignment using the xsamp and th motors (See

Table Al and Fig. Al). Move the th motor to the desired incident angle for the XRF

measurement. If a reasonable estimate of the sample composition is known, an appropriate

incident angle can be determined based on sample thickness and a calculation of the X-ray

penetration depth (Eq. 3.5). Otherwise a 0-20 scan can be performed to determine the critical

angle (a.). For most thin films, 2 or 3 x a. provides sufficient X-ray penetration. For an optimal

beam footprint on thin film samples, the horizontal gap of the slits should be set to 0.05 mm and

the vertical gap of the slits should be ~50% the height of the sample.

The fluorescence detector (Vortex-EX Si-drift diode) is positioned orthogonal to the sample

plane (Fig. Al) and is mounted on a sliding stage. The sample-to-detector distance is

controlled manually and must be optimized. The detector should be close to the sample reduce

air absorption however, not so close that the detector deadtime exceeds 10%. The Vortex-EX

detector is run through Vortex proprietary software on a Windows XP machine. SPEC

communicates with the detector/Windows machine and records fluorescence spectra via the

XSW macro. See table Al for the string to call up the macro. The macro is designed to run

X-ray standing wave measurements however, by turning off the unnecessary functionality (Table



A2) it can be used to perform XRF measurements.

format.
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Data files are recognized by the “.ch0”

Table A.2. Parameter settings for using the setxswdxp SPEC macro to perform XRF

a value of 0 turns that parameter off
Parameter # | Parameter Example value
1 Motors that are being scanned thtth
2 Number of steps 2
3 Turn off this parameter 0
4 Data collection time (s) 60
5 Number of scans 1
6 The value of theta you will collect at (°) 5
7 Step size between scans, set smaller than motor limits | 0.00001
for XRF
8 Turn off this parameter 0
9 Iterations 1
10 Turn off this parameter 0
11 Turn off this parameter 0
12 Directory where the file will be saved ./ (current directory)
13 File name SLM94
14 Turn off this parameter 0
15 Title of data XRF scan of IGO10

A.3 XRF Peak Fitting

The raw data format consists of 3 columns where column 1 is a list of data channels from 1-2048

and columns 2 and 3 both record fluorescence counts. The Si Ka (1.74 keV) and Mo elastic

scattering (17.48 keV) peaks can be used as references to convert channel numbers into keV.
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After conversion, the X-ray Data Booklet'*

can be used to identify the channel numbers that
correspond to the fluorescence lines of interest.

The Bedzyk group Sugomat Matlab script (see Bedzyk group Google Drive folder) can be
used to fit XRF data and determine fluorescence net counts for the elements of interest. Table A3
describes the commands that appear in the Matlab GUI. This script is efficient at fitting Gaussian

peaks and subtracting background for up to 4 overlapping peaks. Fit quality can be assessed

qualitatively through plots of data vs. fit, which appear at the end of the fitting process.

Table A.3. Sugomat Matlab-script commands

Command name | Description

nf or Newfile Starts a new file and prompts for data input
scan steps: 2
channels: 2048

ad or SumScans Combines the data from scan 1 and 2 and begins the fitting process

12/11 Intensity ratio between fluorescence peak of interest (1) and a secondary
peak (2) which needs to be fit and subtracted

w2/wl Width ratio between fluorescence peak of interest (1) and a secondary
peak (2) which needs to be fit and subtracted

P2-P1 Position of peak of interest (in channel numbers) subtracted from the

position of the secondary peak
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A.3.1 Photoelectric cross-section and fluorescence yield

The probability of an element undergoing a particular fluorescence emission is determined by the
photoelectric cross section and fluorescence yield. The photoelectric cross section is dependent
upon the energy of the incident X-ray, the identity of the element, and the origin of the relaxation

54-58 for

event (Ch. 3.2.6, Fig. 3.9). The Bedzyk group has complied the necessary constants
calculating the photoelectric cross-section and fluorescence yield in the XRF XSECT Matlab

script (Bedzyk group Google Drive folder). Jeffrey Klug wrote the original code in C and Gavin

Campbell wrote the MatLab conversion.

A.3.2 Self-absorption

Self-absorption occurs when a fluorescent photon generated in the sample is re-absorbed before

reaching the surface. Typically, this correction is unnecessary for thin films. The correction for

self-absorption (D) can be calculated for the fluorescence of each element using equation A.1

where U0 18 total absorption coefficient and 7 is the thickness of the thin film sample. w;is

the portion of the total absorption due to the excitation of the fluorescent level of interest.

Ueotar 18 the sum of the absorption coefficients for the incident X-rays (y;) and the fluorescent

X-rays emitted by the element of interest (uy). o is the X-ray incident angle (see Fig. 3.4A). The

emission angle of fluorescent X-rays is 90° (given the orthogonal position of the fluorescence
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detector, Fig. A1) and therefore the sin term modifying iy is 1. Further details on describing the

derivation of self-absorption correction can be seen in work by Pflazer et al.'>

1 Hi
D = 1— —UtotalT =
Urotal ( e ) Utotal ( sin a

+ 1) (A1)

A.3.3 Air-transmission

One of the benefits of XRF over other composition measurement techniques is that
measurements can be performed in air. Though X-rays penetrate air, at long distances and
low-energies significant attenuation due to air absorption can occur. Correcting for air
transmission is especially important when comparing fluorescence between emission lines far
apart in energy. Air-transmission depends on the air pressure, temperature, path length, and
fluorescent X-ray energy. Calculations can be done quickly with the use of the CXRO website.'*
For example, transmission of 8 keV X-rays through a path length of 10 cm of air at STP is 100%

but at 2 keV it is 78%.

A.3.4 Detector efficiency

As with air-transmission, correcting for detector efficiency is important when comparing
fluorescence between emission lines far apart in energy. The efficiency of a Si-drift diode

detector varies based on the energy of the fluorescent X-rays. Detector efficiency (F) can be
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determined with equation A.2, where T; is the transmission of X-rays through a Si crystal of
thickness equal to the detector crystal (350 um for Vortex-EX detector) at an energy equal to the
fluorescence emission of the element of interest and 7, is transmission factor for Be window (25
um thick for Vortex-EX). For instance, Ts; for In La emission (3.3 keV) is negligible (i.e., T=1)
while Ts; for Ga Ka emission (9.3 keV) is 0.96. Ts; and T3, can be easily calculated using the

CXRO website."*® See CXRO calculation of T for a 25 um thick Be window in Fig. A.2.

F=(1-Ts)Tge (A.2)
=
=]
7
2
n
B3
=
©
L
S . . . 1,
0 2000 4000 6000 8000 10

Photon Energy (eV)

Figure A.2. Calculation of X-ray transmission through a 25 um Be window (Tg.) as a

function of X-ray energy. Calculation performed by CXRO website. '
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A.3.5 Composition from XRF

The following equations combine the above corrections and determine the composition atomic

fraction of element A versus B distributed uniformly in a thin film.

Y = _ 85 G = Y (A.3)
C-D-E-F Y, + Y,

Y Corrected fluorescence yield

B Measured fluorescence
intensity (from Sugomat)
Photoelectric cross-section

¢ (from XRF_XSECT)

D Self-absorption

B Air transmission of fluorescent
X-ray

F Detector efficiency

G Atomic percent element A
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