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Abstract

Microplasma jet sources for direct deposition of thin films and nanomaterials
by

Katherine E. Mackie

The ability to synthesize a wide range of nanostructured materials, as well as inte-
grate them into larger systems, is fundamental to the development of next-generation
micro- and optoelectronic devices, sensors, and energy harvesting and storage technolo-
gies. Toward this goal, we have developed a versatile, plasma spray-like deposition tech-
nique, based on flow-through microhollow cathode discharges (MHCDs) at 10-100 Torr.
These microplasma jet sources can deposit nanoparticles, dense layers, and structured
thin films of crystalline materials on virtually any surface (e.g., conductors, insulators,
polymers, fibers, and lithographic patterns). Supersonic microplasma jets are seeded
with organometallic precursors under oxidizing conditions to create a directed flux of
growth species (e.g., atoms, ions, clusters, and/or nanoparticles) that are subsequently
‘spray-deposited’ onto the surface of interest at room temperature. A diverse range of
nanostructured transition metal oxide materials, e.g., CuO, MnOy, RuO,, NiO, Fe;O3,
Co,0,, and spinels (NiCo,04) can be realized with the technique. These films were then
used for electrochemical energy storage applications and are discussed with emphasis on
the fabrication of microscale energy storage devices. We also highlight detailed measure-
ments of T,., Tyip, Te, and n. on various jets made using trace gas optical emission

spectroscopy (OES) and Langmuir probe studies.
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Chapter 1

Introduction to plasmas and

plasma-based materials processing

The purpose of this chapter is not only to introduce the work that will be presented
in this thesis, but to help orient the reader in the particular context of this research
in the vast fields of plasma physics and plasma-based materials processing. Plasma-
based processing of materials is ubiquitous in industry today and for good reason - the
reactive environment of even a weakly ionized gas enables access to unique chemical reac-
tion pathways and momentum-assisted mechanisms for materials growth and processing.
Examples include “dry” etching of materials, sputter deposition, ion implantation, and
plasma-enhanced chemical vapor deposition processes, the latter being the primary focus
of this work. But before diving into this, its useful to consider the fundamentals that
define the physics of the systems that will later be described, specifically, microhollow
cathode discharges or “microplasmas”. This chapter provides a broad overview of the

salient features of plasma physics relevant to this thesis.



INTRODUCTION TO PLASMAS AND PLASMA-BASED MATERIALS PROCESSING CHAPTER 1

1.1 Plasma basics

The term “plasma”, coined by Irving Langmuir, refers to a quasi-neutral, partially
ionized gas. It is a collection of electrons, ions, and neutral atoms/molecules where
the number of electrons is approximately equal to the number of positive ions; that is,
ne- & n;. lonization occurs due to either extreme heating (thermal means) or electrical
breakdown. In the later case, the degree of ionization is generally low, 1073 — 10~ [1].
Most electrically-driven laboratory plasmas are highly non-equilibrium or “non-thermal”,
i.e., the electron temperatures far exceed temperatures of the neutral species and ions
T. > T,;. Assuch, electrically-driven discharges often exhibit room temperature neutral
atoms/ions and electron temperatures of several eV (10,000 - 50,000 K). These high en-
ergy electrons are very effective at ionizing atoms and dissociating molecules [2]. When
this kind of environment is used for nanomaterials synthesis, gaseous precursors are easily
dissociated into radicals and ions that readily react under relatively mild processing con-
ditions (i.e., no high temperatures, solvents, ligands/capping agents, etc. are required).
Dissociation is a result of any one of a large number of various elementary plasma pro-
cesses and collisions that occur in a plasma environment, the extent of which is dependent
on factors such as the plasma number densities of ions, electrons, and neutrals. Collisions
between species in a plasma fall into one of two catagories - elastic collisions, which re-
sult in scattering and no transfer of kinetic energy, and inelastic collisions, where kinetic
energy is transfered [3]. This latter case is where excitation, dissociation, and ionization
of molecules and atoms occur. A handful of two-body collision processes are given in
Table and are shown here to emphasize the complexities of processes that can occur
in a plasma.

In most electrically-driven plasmas (i.e., non-thermal plasmas), the electrons are pref-

erentially heated by the applied power, while the heavier ions efficiently exchange energy
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Class Reacting particles Reactions Name of collision
Photon-induced Photon, N Photon + N — N* Photo-excitation
reactions K Photon + N = e+ N* Photo-ionization
Electron-induced e, N, Ny e+ N —e+ N* Excitation by e~ impact
reactions 7 e+ N —e+2N Dissociation by e~ impact
e, N** e+ N* = e(fast)+ N Superelastic collision
e,N* e+ NT — N + Photon Radiative recombination
e+ Nj — 2N Dissociative recombination
Ton-induced reactions N*H(1),N(2) Nt(1)+ N(2) = N(1) + N*(2) Charge exchange
Atomic or N* M N*+M—>M"+N Penning ionization
molecular reactions N*, NorM, N*+ N(orM) — N + M* De-excitation by atomic/

molecular impact

Table 1.1: List of two-body inelastic collision processes commonly observed in plasmas.

(e: electron, N, M: neutrals, No: diatomic molecule, NT: positive ion, N*: excited

atom, N**: metastable atom). Adapted from [1].
by collision with the background gas, thus maintaining a lower temperature [2]. These in-
teractions and collisions between electrons, neutrals, atoms and molecules, vibrationally
and rotationally excited particles, ionized atoms and ions, etc. ultimately define the
plasma parameters T, T, ;, and the temperature of the discharge T,,. Figure shows
a variety of plasma types as a function of electron temperature (T.) and electron density
(n). The solar corona is an example of a low density plasma with high electron tempera-
tures, shown in the lower half of Figure|l.1} while a high pressure arc plasma exhibits high
densities and lower electron temperatures (upper left of Figure . Non-equilibrium,
low pressure glow discharges (the shaded region in Figure will be the focus of this

thesis.
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Figure 1.1: Types of plasma discharges as a function of electron densities and electron
temperatures where Ap is the Debye length. Adapted from [2].
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1.1.1 Non-equilibrium plasmas

An important consideration, especially in plasma diagnostics, is how far from thermal
equilibrium the discharge species are and in what way. Specifically, when spectroscopi-
cally studying a plasma (as described in Chapter 3), interpretation of radiation intensi-
ties relies on the use of theoretical plasma models. These models describe populations
of species in the plasma that are determined by the excitation/de-excitation processes
occurring in the discharge. Here, brief descriptions of a few of the more common plasma

models used for spectroscopic investigations of plasmas are given:

e Thermal plasma. For a thermal plasma, electron and ion/neutral species temper-
atures are in equilibrium (e.g., the sun, plasma torches, etc.) where T, ~ T;,,. As
such, the radiation field may be described by Plank’s equation for a black body,
the quantum state populations determined by a Boltzmann distribution, and the
degree of ionization can be determined by the Saha-Boltzmann equation [4]. This
is very rarely the case for laboratory plasmas, as most electrically-driven plasmas

are not in equilibrium.

e The LTE model. Some high density plasmas (n.- > 10'%cm™3) may be considered in
“local thermodynamic equilibrium” or LTE and is discussed in detail by Griem [5].
In this case, collisional processes dominate the population/de-population of quan-
tum states and radiative processes are not significant. Quantum state population
can again be described by Boltzmann and the ionization field by Saha-Boltzmann

equations [4].

e The corona model. The corona model (named for the solar corona) describes a low-
density (n. > 10'2m~3) non-equilibrium plasma where the electron temperature is

high (= 100eV’) [6] and radiative processes dominate. This coronal equilibrium or

5
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“collisional ionization model” assumes that due to very low densities, upward tran-
sitions are due to electron collisions and de-populating or downward transitions are
due only to radiative decay [6]. Some low pressure, lower temperature laboratory

plasmas fit into this category.

e CR models. Collisional-radiative (CR) models are rigorous approaches to bridge
the gap between the corona and LTE approximation models and assume no specific
equilibrium. Here, rate equations for each state of the particle and coupling to other

particles provide a full description of the collisional and radiative processes [6].

As previously mentioned, care must be taken specifically when using optical emission
spectroscopy (OES) to probe plasma parameters. OES is a very powerful technique for
extracting information about a plasma system without perturbing the discharge. How-
ever, since the interpretation of data relies on a deep understanding of the complicated
population-depopulation phenomena that result in radiative emission, it is essential to
understand which of the above models is appropriate. We do not believe our microplasma
discharge to fulfill all the requirements that would allow us to use the LTE or corona
approximation models. So, in this work, a simulation package, SPECAIR, that calculates
transitions using a collisional-radiative model was used to aid in the characterization of

our microplasma source and will be discussed at length in Chapter 3.

1.1.2 DC plasmas

One common (and arguably the most straight-forward) way to generate a lower pres-
sure discharge is to apply a DC high voltage between two plates surrounded by a low
pressure gas. The DC glow discharge (see Figure describes a class of non-thermal,
usually lower pressure plasmas, with T, > T; ,,. Electron energies are generally assumed

to have a Maxwellian energy distribution. Often, the electron temperature is much less
6
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than the threshold energies for ionization and dissociation. Figure from [6] provides
a good visualization of how the high energy tail of a Maxwellian EEDF will contribute
to the ionization in a discharge and how even subtle changes in electron temperature will

result in greater excitation rates.

@ 03|A\T =15ev Maxwell EEDF-

0.0 P
0 5 10 15 20 25
(b) Eine Energy [eV]
— 1 - I T T T T 3
10-17 Xexc [mS/S] ?;
-18 ]
10 steep dependence E
10-19 on Te ?
10-20 T I B R
1 2 3 4 5 6
Te [eV]

Figure 1.2: (a) shows two Maxwellian electron distribution functions of two Tes, 1.5
and 4.5 eV and an example of a typical cross section for an electron impact excitation
process. The excitation rate coefficients of such a process are given in (b) for respective

Tes. From [6]

In a simple parallel plate discharge, a low pressure gas fills the region between two
electrodes. Breakdown is achieved when a high voltage is applied between these elec-
trodes and an ionization cascade is initiated. That is, when a natural ionization event
(generally due to a cosmic ray) occurs in this electric field, the created free electron is

7
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accelerated by the field, resulting in more collisions and more free electrons. This ioniza-
tion cascade is sustained due to the applied electric field. This phenomenon is commonly
referred to as an “avalanche breakdown” or a Townsend discharge. Figure shows a
representation of this type of parallel plate discharge with all the characteristic regions
labeled. Electrical breakdown of the gas only occurs when the necessary breakdown volt-
age is applied between the parallel plates. The breakdown voltage is largely dependent
on the spacing between the plates and the pressure of the gas. Paschen’s law describes

the required breakdown voltage as

In(Apd) — szgi (1 N 1)} (1.1)

Ve

Vg =

where B is related to excitation and ionization energies, p is discharge pressure, d is the
gap distance, A is the saturation ionization in the gas, and -, is the secondary-electron
emission coefficient [2]. A plot of the breakdown voltages of various gases as a function of
the pd parameter is shown in Figure|l.3| This parameter is useful for describing discharges
as well as scaling them. As will be discussed later, by decreasing d, achieving breakdown
is possible at higher pressures and is the fundamental reason why microplasmas are able

to operate at much higher pressures.
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Figure 1.3: Breakdown voltage curves as a function of pd, as given by [2]

Another important consideration in plasma behavior is how a discharge interacts with
an object - this can be a counter electrode, a Langmuir probe, or even the walls of the
vacuum chamber. These surfaces will charge slightly negative resulting in a positive
“sheath” surrounding it. A sheath is a layer that forms on a surface that is in contact
with a plasma - this layer has a greater density of positive charges that balances the
accumulated negative charge at the surface. This phenomenon arises from the greater
relative mobility of electrons than ions, which results in more electron collisions at the
surface and thus an accumulation of negative charge with respect to the rest of the
plasma. The length scale of a plasma sheath is often described in terms of the Debye
length.

In the schematic of the DC glow discharge (Figure , we note significant variation
in the appearance, electric potential, and electron an ion concentrations between the
two plates and this distribution depends on many factors. One way of quantifying the

length scales over which variations in plasmas occur is the Debye length, Ap. That is, Ap

9
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Figure 1.4: Schematic of a DC glow discharge and the resulting light intensities,
electrical potentials, and ion and electron concentrations in the different characteristic

regions of the discharge [7].
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describes how much an electrical disturbance is screened by the plasma space charge [1].

The Debye length Ap can be written as

EQI{IBTB
Ap =4/ 1.2
b Nee2 (12)

where €y is permittivity of free space, kg is the Boltzmann constant, T, is the electron

temperature, n. is the electron density, and e is the charge of an electron [1]. From this,
we see that Ap will decrease with increasing electron density (n.) and decreasing T,. Note
that this is only valid when T, > T;,, and n. = n; [7]. This relationship describes the
variations in space charge of a bulk plasma between two parallel plates in Figure[1.4] but
also is a very important concept for understanding how plasmas interact with surfaces,
such as Langmuir probes as discussed in Chapter 3.

Sheath formation at the cathode and anode of a simple DC glow discharge are shown
schematically in Figure [1.4. The thickness of sheaths will depend on various plasma
parameters such as the discharge potential (V},), T¢, T}, and whether or not the sheath
is collisionless or with collisions (low or high pressure), and is typically on the order of
several Debye lengths for low-pressure discharges [7]. Sheath thickness is often described

with the Child-Langmuir law given as

S = _>\D Te (13)

()"
3

where s is the sheath thickness, and V), is the plasma potential [3]. (This law is also
commonly expressed in terms of the space-charge limited current flow between two plates
with V,, between them and this is referred to as the “3/2 power law”.) Understanding

the nature of DC sheaths is important in understanding the plasma discharge structure

but are also is important in probe diagnostics and will be discussed more in Chapter 3.

11
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1.1.3 Hollow cathode and microhollow cathode discharges

Hollow cathode discharges describe a class of non-thermal plasmas that share many
of the same features as the simple parallel plate discharge described above, but are ones
in which the cathode geometry has been modified. For one, the cathode dimensions are
decreased, usually on the order of centimeters for hollow cathodes and to sub-milimeter
dimensions for microhollow cathodes, allowing for gas breakdown and higher pressure
operation (Paschen’s law above). Secondly, hollow cathodes can be cavities, trenches,
parallel plates, or flow-through cylinders, the latter being the focus of this work [8,|9].
The discharge is struck between the hollow cathode and some remote anode. In the
case of the cylindrical geometry, similar plasma structures observed in the parallel plate
discharge are observed and shown schematically in Figure [7]. A sheath and negative
glow region are still observed, but extends radially inside the cylindrical cathode which
leads to features unique to plasmas generated in this geometry. Specifically, it gives rise
to the oscillatory motion of electrons between the opposite cathode walls. This behavior
is called the “Pendel effect” or “pendulum trapping” of electrons [10] and results in a
significant increase in ionization events due to both secondary electron generation as
well as from electron emission as a result of photon and metastable bombardment of the

cathode [7].

12
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Figure 1.5: Schematic of a DC hollow cathode discharge [7]

The result of this unique environment is the formation of high energy electrons.
Hollow cathode discharges are generally assumed to have two groups of electrons: (1)
a lower energy population that has a Maxwellian velocity distribution and (2) a much
smaller population with a higher energy . Hashiguichi and Hasikuni developed a hollow
cathode model assuming two electron temperatures that they termed a two-temperature
collisional radiative model (see for more detail). The result is the formation of a
high density plasma within the hollow cathode - the perfect environment for driving
chemical reactions. Specifically, the enhanced collision rate inside the hollow cathode
makes this an ideal platform for chemical vapor deposition, or CVD-like processes, as
precursor molecules are more likely to be broken down into reactive growth species. The
work to be presented in this thesis focuses on the use of microhollow cathode discharges

(MHCDs), or “microplasmas” for this purpose.

13
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1.2 MHCDs for materials deposition and synthesis:
A review of previous work

MHCDs are high-density, non-thermal, miniature plasma sources, and they have been
used to synthesize a wide variety of materials including semiconductor, metallic, and oxide
nanoparticles, thin films, and vertically-aligned nanowires/nanostructures. Many of these
systems operatate at atmospheric pressure. These synthesis/deposition plasma sources
are usually designed as flow-through systems where CVD precursors are dissociated or
a metal is sputtered and a reactive spray of growth precursors is directed toward a
collection or deposition substrate [12-14]. The majority of previous work has focused on

the synthesis of nanoparticles using microplasmas.

1.2.1 Nanoparticle synthesis

The synthesis of nanoparticles using microplasmas is usually achieved in one of the
following ways: (1) cracking of CVD precursors, (2) sputtering of a metal cathode, or
(3) via the electrochemical reduction of metal ions in solution, all using a non-thermal,
often atmospheric pressure microplasma source. The electrochemical reduction of species
via microplasma jet simply entails generating a microplasma between a hollow cathode
and reasonably conductive solution containing metal ions. The high energy electrons in
the plasma discharge rapidly reduce metal species when in conctact with the solution.
The result is the rapid precipitation of metallic nanoparticles. The generation of these
colloidal nanoparticle slurries has been widely researched for a variety of systems. Bare
silver and gold nanoparticles of uniform size have been synthesized using a microplasma
jet in contact with a solution containing metal ions for use in surface-enhanced raman

spectroscopy (SERS) applications |15,/16]. A gas-phase approach for the production of

14
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bare, monodispersed nickel and iron nanoparticles has also been reported [17]. Here,
volatile organometallics are introduced to a continuous-flow, atmospheric pressure mi-
croplasma jet, cracked, and the metal centers nucleate into small nanoparticles that are
collected down stream. This type of approach has also been used to catalyze the growth
of single-wall carbon nanotubes (SWCNTSs) at the nanoparticle surface post-microplasma
synthesis [18]. The direct synthesis of 1-3 nm diameter luminescent Si nanoparticles from
a silane/Ar flow-through microplasma has also been shown [19]. It is perhaps surpris-
ing at first glance that (1) such tight control over nanoparticle size can be achieved in
the chaotic environment of a non-thermal plasma seeded with organometallics, and (2)
highly crystalline nanoparticles can be created in a low temperature, non-thermal plasma

discharge. Both of these phenomena have been widely studied.

Nanoparticle charging

The control of size and monodispersity of nanoparticles synthesized in a plasma has
largely been attributed to nanoparticle charging. Recall that electrical “sheaths” form
at all solid surface-plasma interfaces due to the large thermal speed of electrons, and this
includes a plasma-nanoparticle interface. When nanoparticles are in contact with a non-
thermal plasma, they will take on a slight negative charge with respect to the rest of the
bulk plasma [14]. Before microplasma-based nanoparticle synthesis gained momentum,
there was great interest and effort put into understanding the charging and evolution
of particles in a plasma or in an area known as “dusty” plasmas . Particle generation
and evolution was and is of great interest in industry where particles in discharges are
usually contaminates [20]. These researchers developed models using modified versions of
the orbital motion limited (OML) theory to describe how electrons and ions will interact
with a charged particle (see [14] for an excellent summary of work in this field as it

pertains to nanoparticle charging in plasmas).
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Practically speaking, these models approximate the negative potential at nanoparticle
surfaces in a flowing plasma to be on the order of a few volts [14]. As such, Coulomb
repulsion between the negatively charged particles prevents aggregation and further coa-
lescence, limiting both the size and size distribution of particles. Based on these models,
it is hypothesized for some bulk plasmas that during the initial stages of growth, very
small particles will be either neutral or singly charged, allowing for further growth. How-
ever, after a certain size threshold, the larger particles will charge to a greater extent
and further coagulation is hindered. Nanoparticle growth may however continue through
surface reactions with the precursor, but not coalescence. It is likely these phenomena
will be slightly different in the low pressure, flow-through, microhollow cathode discharge
deposition system presented in this work, but the basic idea may guide how we think

about processes in our system. Some of these ideas will be revisited in Chapter 5.

Nanoparticle heating

Related to nanoparticle charging in plasmas, low-temperature synthesis of crystalline
materials (often generated significantly below the conventional crystallization tempera-
tures) is attributed to preferential particle heating in a plasma [21,22]. This observation
has been made in experiment as well as simulation for a few systems. An experimentally
observed temperature change of ~75 K in magnesium fluorogermanate particles above
the gas temperature after being introduced to a low pressure non-thermal plasma has
been reported. The crystallization of silicon nanoparticles in microplasmas has also been
investigated. Askari ef. al. showed that in an atmospheric pressure microplasma with
Tgas ~ 490K, Si nanoparticles of 4 nm, 6 nm, 8 nm, and 10 nm can heat to 773 K, 1073
K, 1173 K, and 1273 K, respectively [22]. This selective heating is attributed to ion/-
electron fluxes reaching the surface of the particle as well as exothermic surface reactions

occurring at the particle surface. Figure [1.6] shows how a particle may charge and heat
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under various plasma conditions. Another important observation made in this body of
research is that there are significant differences in how particles selectively heat in low
pressure versus atmospheric pressure plasmas. Specifically, particles will cool faster at
higher pressures due to the increased conductive heat transfer. As such, particles formed
in low pressure plasmas heat to a higher degree given the slower conductive cooling at
low pressures . While there is very limited research into whether or not these obser-
vations for nanoparticle synthesis in a microplasma environment hold true for thin film

deposition, we believe these observations are relevant to our work.
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Figure 1.6: Illustration from showing three collisional regimes that are considered
in nanoparticle heating and charging models where Ry is the “capture radius” wherein
these collisions occur.
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1.2.2 Thin film deposition

Using microplasmas for thin film and vertically aligned nanostructure deposition has
not been as extensively explored as nanoparticle synthesis. However, when compared
to other common materials deposition methods, we see that low-pressure microplasma
jets exhibit locally high deposition rates and operate at higher pressures. Figure
shows where microhollow cathode discharge sources fall in comparison with other thin
film deposition techniques in terms of operating pressures (Torr) and deposition rates

(nm/min).
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Figure 1.7: Common deposition techniques and their respective deposition rates and
operating pressures.

Koh and Gordon reported a general synthesis route to a variety of metallic and
transition metal oxide materials using a hydrodynamically-stabilized high pressure mi-

croplasma jets. Here, organometallic precursors were sublimed and injected into a mi-
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crohollow cathode discharge operating a high pressures and in an Ar/Hs or Ar/O, back-
ground. Specifically, deposition of Cu, Pd, and Ni metal thin films, CuO, PdO, and
NiO nanostructured oxide films has been demonstrated [24-27]. Additionally, Pebley et.
al. directly deposited nanogranular, biphasic metal oxide thin films using a low pres-
sure, supersonic microplasma seeded with CVD presursors. Specifically, the growth of
NiFe;O4-NiO biphasic films was demonstrated for use in exchange bias and magnetic
storage applications [28,29]. The ability to tune dopant levels in an Fe-doped NiO elec-

trocatalyst for use in the oxygen reduction reaction [30] was also shown.

Structure-zone models

There have not been many mechanistic inquiries into the plasma-based deposition or
growth of aligned nanostructures. This might partially be due to the fact that aligned
nanostructures are rarely seen in most CVD processes. However, several authors have
noted general trends during dense metal film deposition that align with observations
made during the CVD-like metal film deposition conducted by Koh [26]. For example,
Thornton’s “structure-zone” model [31] describes the resulting morphology of metal films
deposited at high rates (100 nm/min) under different pressures and substrate temper-
atures. In the original work, Thornton used a large hollow cathode discharge with the
metal cathode acting as the sputtering source. The sputtered cathode was deposited onto
substrates located within the discharge. The model describes how the fate of impinging
nuclei during deposition is largely a function of substrate temperature and deposition
pressure. The contributing factors being the incident flux, density of surface sites, and

adatom mobility [31]. The resulting morphologies observed are summarized in Figure

L8
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PRESSURE
(MICRONS)

Figure 1.8: A structure-zone model showing various film morphologies obtained where
T/T,, is the substrate temperature and T,, is the melting point of the material.

Overall, its noted that at low T/T,, values, there is little adatom mobility and the re-
sulting morphology is a matchstick-like structures with tapered crystallites (2A region in
Figure[1.§)). As the substrate temperature is increased (> T/T,, value), diffusion is more
likely and coalescence is possible during growth, and at very high T/T,, values, surface
mobility is great enough to encourage grain boundary migration and recrystallization
(3D region of Figure [31]. While this is certainly not describing the CVD-like depo-
sition process when using a microhollow cathode and organometllic precursors, there are
similarities noted in the morphology evolution in microplasma deposits. Moreover, while

the work presented in this thesis largely does not make use of a heated substrate, we
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have established in this chapter that nanoparticles/clusters within the plasma, and thus
nanoparticles/clusters impinging on a substrate, will likely have the thermal mobility to
support some surface diffusion, which we believe is evident in the crystalline structures

we observe.

1.3 Thesis overview

The design, construction, and characterization of a novel microplasma-jet based de-
position source are presented in this thesis, along with application of this new synthesis
tool to deposit nanostructured thin film materials for electrochemical energy storage. The
deposition source is based on a flow-through, micro-hollow cathode plasma discharge and
uses volatile organometallic precursors to spray deposit high surface area, nanostructured

metal oxides on virtually any surface. This thesis is organized as follows:

e Chapter 1 provides an overview of plasma physics and introduces the reader to

plasma-based materials processing;

e Chapter 2 highlights the fundamental fluid mechanics and plasma physics associ-
ated with micro-hollow cathode discharges (MHCDs), discusses their unique oper-
ational characteristics, and details the design and construction of the flow-through

MHCD plasma source and deposition system developed in this work;

e Chapter 3 looks more deeply at the microplasma jet itself, with focus on optical
emission spectroscopy (OES) and double Langmuir probe (DLP) electrical char-
acterization of the source to determine the rotational, vibrational, and electron

temperatures of the jet;

e Chapter 4 provides a demonstration of how the microplasma jet source can be used

to deposit a wide variety of nanostructured and mixed metal oxides on virtually any
21
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substrate, along with detailed materials characterization (e.g., SEM/TEM, XPS,

CV) of the resulting films and application to batteries;

e Chapter 5 focuses on the importance of the electrical configurations of the plasma
drive circuit and sample (e.g., related to sample charging for conducting vs. insulat-
ing substrates and a grounded vs. floating deposition chuck) insofar as they directly
affect the resulting film morphology, crystallinity, composition, and contamination;

and finally,

e Chapter 6 shows how microplasma jet deposition can be combined with standard
microelectronics foundry techniques to realize electrochemical energy storage de-
vices, namely NiO-carbon fiber based pseudocapacitors and MnOs-based microsu-

percapacitors for on chip energy storage.
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Chapter 2

Microhollow cathode
discharge-based plasma deposition

system

An overview of the flow-stabilized microhollow cathode discharge-based (microplasma-
based) source and reactor system used for spray deposition of nanostructured thin films
is presented. The goal is to provide a practical description of the reactor components
and provide enough detail to guide future work. The reactor design is an extension of
that described by Koh [24]25,27] and Pebley [28-30] with added plasma diagnostics

capabilities, including Langmuir probes and optical emission spectroscopy.

2.1 Microhollow cathode discharge (MHCD) source

The microhollow cathode discharge (MHCD) source at the heart of the plasma spray
deposition system is shown in Fig. 2.1. The discharge is struck by applying a negative DC

high voltage (800-2000 V to strike; 300V to sustain) between a stainless steel capillary
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g Vacor

Ring counter
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Figure 2.1: Photographs of the Macor-housed hollow cathode capillary and ring
counter electrode

(usually ID 500 pm and housed in a Macor insulator) and a remote counter electrode
with a current-regulated high voltage power supply (Glassman, Series EW). The ceramic
insulator surrounding the capillary prevents arcs and insures a uniform discharge. A
constant flow of Ar (50-300 sccm) is introduced to the capillary, and when high voltage
is applied, gas breakdown occurs, forming a stable, high density plasma in and near the

capillary tube exit.

2.1.1 Plasma circuit

The plasma HV circuit is completed to a grounded anode, which can be a (conductive)
substrate or the deposition chuck downstream of the capillary exit, or alternatively to the

aforementioned remote ring anode, as depicted in Fig. 2.2. The ring anode configuration
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Figure 2.2: Schematic of the electrical configuration of the MHCD source. The dis-

charge is struck between the capillary and a remote counterelectrode (anode), which

can be a grounded ring (1) or the sample substrate/deposition chuck itself (2). A

slight glow, due to emission of excited Ar neutrals and ions, is visible around the ring

electrode where high energy electrons are collected.
was predominantly used in this work, as the metal oxides being deposited often resulted
in substrate charging and unstable source operation; the influence of anode configuration
is discussed in more detail in Chapter 5. The electrical configuration of the anode,
i.e., using the ring anode versus completing the plasma through the sample itself, was
seen to not appreciably change the morphology of the deposited films for many material
systems. However, it was observed that sample uniformity was much better when using
the ring anode and an electrically floating sample substrate. Moreover, the ring anode
allowed deposition of insulating films and deposition on insulating substrates, such as

glass, polymers, and woven fibers, as well as independent biasing of the substrate for

plasma IV measurements.
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2.2 Fluid mechanics of the MHCD (microplasma) jet

source

In a typical deposition, an MFC-regulated flow of Ar gas (100-300 sccm) is introduced
to the stainless steel capillary tube (ID 50-500 pm) situated above the deposition chuck.
The deposition chamber is pumped with a rotary vane pump and throttled to 10-50 Torr,
where the chamber pressure is monitored with a Terranova 808 Si diaphragm vacuum
sensor. The MFC-regulated flows and pressure sensor readouts are monitored in real

time with LabVIEW.

Fluid Mechanics:

High
pressure
reservoir

High
pressure
reservoir

L%

Y00US Yoe

X
9
X

,Mepunog wr

SED JuBIqUY

turbulent
mixing

Art" — Art + ho

Ar'— Ar9 + ho

Figure 2.3: Microplasma jet operating at 10 Torr with characteristic shock diamonds
typical of a supersonic gas expansion. The blue and red emissions are caused by decay
of excited ions and neutrals, respectively. Ar flow was 150 sccm with 9 mA plasma

current.

The Ar pressure upstream of the capillary has been measured to be on the order

of 300 Torr. The result is a supersonic (>300m/s) gas expansion into vacuum from a
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high pressure reservoir, resulting in characteristic shock structures [26]. These standing
shock waves are ultimately eroded by interactions with the background gas, resulting in
turbulent mixing downstream of the capillary exit. Figure[2.3|depicts an Ar microplasma
operating at 10 Torr in which a supersonic expansion from a high pressure reservoir into a
low pressure background with characteristic shock diamonds can be clearly seen. Deposi-
tion within the standoff shocks and stagnation regions has been studied and reported [26];
in the present work, all depositions were conducted with the substrate in the turbulent
wake (well mixed) zone (> 5 mm from the capillary exit) to avoid flux nonuniformities.

The fluid flow characteristics of the plasma jet system were examined by evaluating
the Reynolds number and pressure corresponding to sonic flow at the capillary tube exit.

For our case of compressible flow, the system Re is given by [32]:

_ Om

R
c TRu

(2.1)

where @),, is the mass flow rate, R is the capillary radius, and pu is the gas viscosity.
Using a 100 scem Ar feed to a 500 pm ID capillary, the system Re varies from 75 to 150,
assuming that the gas exiting the capillary is at 673 or 300K, respectively. As such, the
flow exiting the capillary is indeed laminar and sonic or supersonic. The pressure (Pc)
corresponding to sonic flow at the capillary exit was also evaluated assuming an adiabatic
expansion via:
b Qu [i,

= " 9 2.2
© aR2\| yM (2:2)

Where v = C,/C, = 1.67 for Ar, Myr = 40 g/mol, and T, is the effective gas
temperature. Although the gas temperature is unknown (see Ch. 3 for details on OES
measurement of T,), the adiabatic sound velocities for Ar range from 190 to 350 m/s

for gas temperatures of 300-1000 K, yielding sonic flow pressures of 220 to 400 Torr,
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respectively. These values are on the same order as the pressures measured upstream of
the capillary ( 300 Torr).

The aforementioned calculations thus suggest that the flow exiting the capillary is
laminar and supersonic, and moreover, support the idea that the flow inside the capillary
tube is totally decoupled from the flow outside. As such, given that the downstream
chamber pressure is in the 10s of Torr range, it is unlikely that the chamber pressure

significantly affects the flow, and plasma, inside the capillary.

2.3 MHCD-based plasma jet deposition system

Figure [4.1] shows how these flow-through microplasma sources are used for materials
deposition. Sublimed chemical vapor deposition (CVD) organometallic precursors are
entrained in a heated Ar flow and are injected into the microplasma jet. The metal
complexes are cracked in the energetic plasma environment inside the hollow cathode,
forming active growth species such as ions, neutrals, and clusters. Reactive gases such as
Hy or O, are also added to the chamber background or directly in the plasma gas feed to
further reduce or oxidize the precursor, as well as scavenge carbon species. These active,
metal-containing species react with one another and/or the background gas, but given
the short space-time (us) in the plasma zone and rapid drop is gas density associated
with supersonic expansion, particle growth and aggregation are quenched. The end result
is a directed flux of active growth species that are subsequently spray deposited onto a

surface.
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Figure 2.4: Schematic of the microplasma jet deposition system. Ar carrier gas and
sublimed organometallic precursor(s) are introduced into a stainless steel capillary
inside a macor insulator with ring anode. A hollow cathode DC microplasma is struck
between the capillary and ring anode (or the substrate) using a current-regulated,
high voltage power supply (HVPS). MFC = mass flow controller.
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2.3.1 Precursor chemistry

The nanostructured films discussed in this work were deposited using common CVD
precursors (STREM Chemicals). Metal cyclopentadienyls and (-diketonates were of in-
terest herein, due to their high vapor pressures, thermal stability, and adaptable chemical
functionality (i.e., substituting CF3- for CHs- groups on acetylacetonates (acacs) to in-
crease volatility). Vapor pressures and decomposition pathways of of many of the these

precursors can be found in [33-36].
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Figure 2.5: Solid organometallic precursors, 1-2g packed inside an NPT pipe nipple
with quartz wool, were sublimed at controlled temperature, entrained in Ar carrier
gas (XX-YY sccm), and delivered to the plasma jet through heat-traced lines to
avoid precursor condensation. In some cases, precursors cells were cooled below room
temperature in a freezer and back-heated to a constant temperature (5-15 C) using
heat tape and a PID temperature controller. Chemical structures of several of the
precursors used in this work are shown.

The relative flux of organometallic precursors to plasma discharge, as well as Oy addi-
tion to the plasma feed and/or chamber background, significantly affected the resulting
film morphology as well as C and F contamination levels. This was especially true for

some metal cyclopentadienyls with high vapor pressures (e.g., nickelocene, ferrocene,
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and cobaltocene), necessitating temperature-controlled cooling of their respective subli-
mation cells below room temperature (2-15 C). Under optimized growth conditions, C
and F contamination were found to be minimal, e.g., < 1 at% (see EDS and XPS studies

in Chapters 4 and 5 for more details).

2.3.2 Deposition scale-up

2

I

The deposition “footprint” of the microplasma jet is on the order of a few mm
and while these small “spot deposits” may be useful for some applications presented in
Chapter 6, its often necessary to scale-up the process. To accomplish this, the sample
chuck was attached to a stepper motor driven stage via flexible bellows, allowing 3x3 cm?
deposition areas via raster scanning the sample beneath the fixed plasma jet source. The
XY stage was controlled with LabVIEW for point-to-point movements, vector moves at

constant velocity, raster-scanning, and direct writing of arbitrary patterns.

Ballast resistor
Ar

Carrier Ar
pre-heat

HV DC | :
Power supglly S i,
- 2 - - N\
Grounded ring . .
H = counter electrode 3 3

Spfectrometer

Double Langmuir
probe

Electrical
feed-throug]
o0

Figure 2.6: Detail of the stepper motor-driven x-y stage to raster scan the deposition
chuck under the fixed microplasma jet.
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2.4 Plasma diagnostics

The plasma deposition system was outfit with optical emission spectroscopy and
Langmuir probe diagnostics (see Figure to gain fundamental understanding of the
deposition process and plasma parameters of the MHCD. Both the theoretical basics of
these diagnostic techniques and the results of these investigations are reported in detail

in Chapter 3, but introductory descriptions of the experimental setup is provided here.
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Figure 2.7: Langmuir probe and optical emission spectroscopy (OES) diagnostics on
the microplasma jet deposition system. Photos of the double Langmuir probes (250
and 120 mm tungsten probes) and OES collection configuration are shown.

2.4.1 Optical emission spectroscopy

Optical emission spectroscopy (OES) is a powerful, non-invasive technique commonly
used to characterize plasmas, e.g., to determine the rotational and vibrational gas temper-
atures (via Ny rovibrational transitions), electron temperature (via rare gas actinometry),
and even electron density (via Stark broadening spectroscopy). Towards the goal of im-

plementing these methods on the present system, an light collection and spectroscopy
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system was set up. Light from the plasma discharge was collected with a 50 mm focal
length biconvex lens, coupled to a 500 um fiber, and sent to a 550 mm focal length Jobin-
Yvon iHR550 monochromator with 1800 gv/mm grating and LN2-cooled CCD detector.
The collection optics were placed on an xyz alignment stage and the 500 um fiber acted
as a spatial filter to limit the light collection volume, i.e., light from the plasma was im-
aged at 1:1 magnification onto the fiber directly. OES data were analyzed using a variety
of semi-empirical and quantum mechanical simulation (SPECAIR software) methods, as
discussed in detail in Chapter 3, to determine vibrational, rotational, and translational

gas temperatures (T, Tror, and Tyrans)-

2.4.2 Langmuir probes

Langmuir probes are ubiquitous in plasma characterization and their use on the
present MHCD source will be discussed at length in Chapter 3. Briefly, a metal probe
is inserted into the plasma and biased positively or negatively, drawing electron and ion
currents from the plasma through the sheath that forms around the probe wire(s). From
the I-V characteristics of the probe, parameters such as plasma potential, ion saturation
current, electron energy distribution function (EEDF), and electron densities may be de-
termined. In the present case, due to the electrical configuration of the MHCD source (to
be discussed in Chapter 3), double Langmuir probes (DLPs) with dual electrodes were
required for plasma IV characterization. The design of these probes are schematically
shown in Figure 2.8. Dual tungsten wires of various diameters (50, 120, 250 pym) were
epoxied into 1/8” diameter glass tubing with 1 mm gap and ~2 mm protrusion into the
plasma. The glass tube was then bent at 90 deg and sealed to the vacuum deposition
chamber via Cajon o-ring fitting, allowing the probe to be moved both laterally and

axially in the plasma jet expansion direction. IV spectroscopy of the plasma was carried
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out by connected the DLP to a Keithly 2400 biasable electrometer piloted via LabVIEW.

Double Langmuir probe construction:
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Figure 2.8: Schematic of the double Langmuir probes constructed for electron tem-
perature and density measurements.

2.5 Microplasma deposition systems

The aforementioned plasma system components and characterization apparatus were
combined in several generations of depositon reactors, as depicted in Figure|2.9] Reactors
were constructed for (1) CuO and MnO;y deposition, outfit with OES and Langmuir
probes, (2) deposition of Ni, Fe, and Co oxide with a heated chuck, and (3) a generic
test reactor to quickly evaluate different materials systems, also outfit with a heated
deposition chuck. All of the systems were operated in the 5-100 Torr pressure range with
MFC-based gas delivery, temperature controlled organometallic precursor sublimation
cells, and raster scanning of the sample chuck. All system variables (P, T, etc.), flow

control, and stage scanning were automated in LabVIEW.
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CuO/MnO2 + OES:

Figure 2.9: Photographs of microplasma reactors used in this work
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Chapter 3

Optical emission spectroscopy and
Langmuir probe studies of a low
pressure microplasma jet deposition

source

Micro-hollow cathode discharges (MHCDs), also known as microplasmas, are geomet-
rically confined, high(er) pressure plasma discharges operated over a range of pressures
from 10-1000 Torr [8,9,37,38]. These cold plasma sources (T,.s < T.) have been used
in a variety of venues to synthesize and modify all types of materials (see [12,|15}/17}39]
for a review); generate reactive species (e.g., Oz, NO,) for chemical conversion [40], VOC
destruction [41], and plasma medicine [42]; and even to generate hard-UV (eximer) radi-
ation [43]. Static microplasmas formed in small holes and slits at atmospheric pressure
have also been characterized extensively using optical emission spectroscopy (OES) and
Thomson scattering [44-46].

Low pressure (1-20 Torr) microplasmas, specifically when configured as a flow-through
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supersonic plasma “jet”, have also been used to spray deposit metal and metal oxide
nanostructures and thin film materials on virtually any surface [47]. A wide range of
nanostructures, including nanoparticles, rods, wires, aggregates, dense films, and den-
dritic structures can be realized with such methods [25,127,28] and it has been shown
that plasma operating conditions, growth precursor, background gas, and supersonic flow
characteristics [26] can all influence deposit morphology. However, these low pressure de-
position sources have been much less studied, especially from the standpoint of plasma
diagnostics.

Here, we present OES and double Langmuir probe (DLP) measurements on these
low pressure, flow-through supersonic microplasma jet systems to highlight how plasma
operating conditions (e.g., pressure, current, presence of growth precursors / O,, distance
from the nozzle, floating vs. grounded substrate) affect the local gas (T, and T,;;,) and
electron (T,) temperatures in the plasma jet plume. T,, and T,;, were estimated using
semi-empirical and rigorous quantum mechanical fits to OES spectra of the first positive

group of Ny (B*II, — A*Y1) and T, was obtained via fits to DLP IV curves.

3.1 Experimental setup

3.1.1 Microplasma jet deposition source

A schematic depicting the microplasma-based reactor used in this work is shown in
Figure A microhollow cathode discharge is generated inside a stainless steel capillary
tube (ID 500 pum) by applying a DC high voltage between the capillary and a remote
anode while a flow of Ar is supplied to the capillary. The remote electrode is typically
a conductive deposition substrate/chuck; alternatively, plasma circuit may be completed

through a concentric ring anode near the capillary exit (see Chapter 5 and [47] for details),
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Figure 3.1: Microplasma-based deposition system with OES and DLP capabilities.
(Inset) Photograph of an Ar microplasma jet operating at 12 Torr.
allowing for deposition on nearly any substrate. Both plasma circuit configurations were
considered here, with the downstream reactor pressure held in the 10-50 Torr range,

resulting in supersonic gas expansion within the jet.

3.1.2 Optical emission spectroscopy

Optical emission spectroscopy of rovibrational bands of Ny was used to estimate the

T,ot and T, of the plasma jet plume. A small amount (2.5 %) of Ny was added to
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the plasma jet feed gas and light was collected from various points in the expansion
plume using a 75 mm focal length lens coupled to a 500 pm diameter fiber. Spectra
were analyzed using a 550 mm focal length monochromator (JY iHR550) with 1200
groove/mm grating and LN2 cooled CCD detector.

The estimation of gas temperature in non-thermal plasmas can be challenging, es-
pecially in lower pressure discharges. If rotational-translational relaxation times are
sufficiently fast (i.e., high collision frequency allows T,, energy transfer to particles,
emitting species have long radiative lifetimes, and if excitation/de-excitation processes
are sufficiently slow) [48,49], then T,.; and gas temperature (T,) can be assumed to be
in equilibrium. These constraints guided what portion of the rovibronic spectrum was
used for T, estimation in this work, i.e., the second vs. first positive groups of Nyp. The
second positive group, namely (C°II, — B?Il,), is most often used to determine rota-
tional temperatures in plasmas, but several authors [49,/50] have demonstrated that this
is problematic when working with Ar-based discharges for several reasons. For example,
fast resonant energy transfer from Ar (1s5) to the Ny C®II, state can occur and moreover,
the C3I1, state has short lifetime (40 ns), making the equilibrium assumption that T,
~ Tgqs invalid, especially at lower pressures. To remedy this, a different portion of the
N, emission spectrum, specifically the first positive system (B®II, — A3¥}), was used
herein to estimate the rotational temperature. For the 1% positive system specifically,
Golubovskij and Telezhko have estimated that T, and Ty, are in equilibrium for plasma
discharges at pressures greater than approximately 100 Pa (0.77 Torr) [51].

In the present work, Ny OES spectra were interpreted using two methods: (i) quantum
mechanical fitting of spectra using a commercial plasma spectroscopy simulation software
package known as SPECAIR [52], and (ii) semi-empirically using ratios of several ro-
vibrational peaks (at the band head), after the quantum mechanical simulations and

methodology of deBenedictis [49]. SPECAIR can simulate a full OES spectrum using
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various radiative molecular and atomic transitions of common plasma species (NO, Na,
N, N3, OH, CO, N, O, and C), along with rigorous application of quantum mechanical
selection rules and cross-sections. These calculations take into account any Doppler,
collisional, Stark, and natural broadening based on plasma parameters (pressure of the
discharge, etc.), with T,, and T,; as inputs. Additionally, SPECAIR accounts for
instrumental broadening by convolving the simulated spectrum with a spectrometer “slit
function”. In the present work, the “slit function” (and so instrumental broadening
specific to our setup) was measured using the HeNe laser line at 632.8 nm with the same
spectrometer configuration as used for OES measurements (1,200 groove/mm grating,
100 pm slit width). SPECAIR was then used to simulate the first positive Ny spectrum
under various conditions and temperatures (Typ, Tror, and Tyens), with iterative fits
to experimental data to determine T,, and thus Ty.s, as well as to approximate T.;.
SPECAIR results were also benchmarked against the method of deBendictis [49], which
involves taking ratios (known as R21 = I2/I1 and R31 = I3/I1) of three emission peaks
(I1, 12, I3) associated with the 3-0 band transitions of Ny in the 686-688 nm spectral
range (see Figure 3.4f(a)), and comparing them with empirical fits to rigorous quantum

mechanical simulations based on T,;.

3.1.3 Double Langmuir probe

A double Langmuir probe (DLP) was used to measure T, under different plasma
operating conditions. Unlike the more commonly used single Langmuir probe, where
the single probe is biased with respect to some reference (usually the anode/ground of
the discharge, or a metallic wall, etc.), the wires of a double Langmuir probe are biased
with respect to each other. As such, they are otherwise completely isolated from the

rest of the plasma system. The DLP approach was required for the microplasma jet
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to avoid completing the plasma circuit through the Langmuir probe itself, i.e., a single
probe wire would act as the plasma anode and disturb the discharge under certain bias
configurations. The floating double probe circuit is shown schematically in Figure [3.2]
and uses using a floating Keithley 2400 SourceMeter as the variable voltage source with
reversible polarity. The meter also monitored ion current and probe bias. Cylindrical
DLPs were constructed out of two 120 um tungsten wires, each 2 mm long, with 1 mm
distance between the two wires (see Figure 2.8 and associated discussion in Chapter 2

for details).

Probe 1 Probe 2

Figure 3.2: Schematic of a floating double Langmuir probe system.

The DLP bias was swept between -20 V and 20 V and the resulting IV characteristics
were fit with the following model to extract the electron temperature £ in eV (see ,

for details):

(3.1)

v, Ly —1
I, = I, tanh (—”) b2

2 V
¢ exp <—p> +1
§
where I, is the net probe current, I and I, are the ion saturation currents for probes

1 and 2, Vp is the probe bias voltage, and ¢ (commonly referred to as T,) is the elec-
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tron temperature. The above model was fit to experimental data using LabVIEW with

adjustment of T, I1,, and Ir, until good overlay was achieved.

3.2 Results and discussion

A representative OES spectrum of an Ar/N, microplasma jet at 10 Torr and 8.5 mA
is shown in Figure|3.3} strong emission lines from metastable Ar ions and neutrals can be
seen in the blue and red regions, along with the characteristic first and second positive
systems of Ny in the red and UV regions, respectively. The bottom panel provides
a SPECAIR simulation of an Ny plasma for comparison, which clearly shows similar
features for the first and second positive systems. For the remainder of this section, we
focus entirely on the first positive system, with specific analysis of the (3,0) band region

in the 680-690 nm range.
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Typical emission spectrum of an Ar and N, microplasma:
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Figure 3.3: OES spectrum of an Ny /Ar microplasma jet at 10 Torr and 8.5 mA (top),
along with a SPECAIR simulated spectrum (bottom) of an Ng plasma with T,o =
500 K and T;, = 5500 K.

3.2.1 Rotational, vibrational, and gas temperatures in an Ar

microplasma jet

Figure [3.4a) shows an experimental OES spectrum and a converged SPECAIR fit
for an Ar microplasma with 2.5% Ny in the jet feed. The simulated spectrum is an
excellent fit, and gives T,,; = 560K and T,;, = 5000K. The three sub-bandhead peaks
used in the de Benedictis model are also labeled as 11, 12, and I3. First off, the rotational

temperature, and hence overall gas temperature, of the jet is relatively low (550K), on
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par with expectations given that microplasmas in general are rather cold discharges.
The 550K value for our low pressure suspersonic jet is similar to, but slightly colder
(100-200K) than temperatures measured near (< lmm) the cathode in a static Ar slit
microdischarge at 100 Torr and similar currents [50]. We hypothesize that the supersonic
expansion in our case plays an additional role in cooling of the gas, resulting lower
downstream temperatures. When the plasma current was incrementally increased (panel
(b)), a steady increase in the relative intensity of the 13 and 12 peaks (all spectra were
normalized to the I1 peak) was observed, indicating that more plasma current results
in higher effective gas temperatures, as might be expected. The resulting T,,; values
from SPECAIR and the de Benedicis model are in excellent agreement (panel (c)), and
appear to linearly increase with plasma current up to 20 mA, followed by a gentle
leveling off of the temperature at 700-800K for 30 mA. At these high currents, the end
of the capillary tube was seen to glow red slightly, and support the idea that the gas
in the plasma volume within the capillary tube may be in thermal equilibrium with
the capillary cathode wall, as has been observed for hollow cathode arc discharges [55].
The low effective gas temperatures measured in the microplasma jet are also reasonable,
given that it is possible to deposit nanostructured materials on polymers and photoresist
features without damage (see Chapter 6 for details.)

Given the agreement in T,.,; between the two OES models, T, at different plasma cur-
rents was determined with SPECAIR using the T,,; values determined from the deBene-
dictis fits. These T,;;, values are seen to range from 4,000 to 6,000 K, which is typical for
low pressure discharges, as Ny exchanges vibrational energy with electrons faster than
with heavy particles, and exchanges rotational and translational energy faster with heavy

species [56].
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Figure 3.4: (a) Quantum mechanical fit of the first positive OES region of No

(B3, — A3%}) with SPECAIR simulation using an input of T, = 560 K and
Ty = 5,000 K, for an Ar microplasma jet with 2.5% added Ny operating at 10 Torr
and 8.5 mA. (b) Evolution of OES data as the microplasma current is increased. (c)
Tt values calculated via fits to OES spectra using the deBenedictis model (R21 and
R31 line ratio method, equivalent measures) and SPECAIR. (d) SPECAIR-derived
vibrational temperatures from simulations using the rotational temperatures given in

(c).

3.2.2 Electron temperature and ion saturation current

Measurements of the local electron temperature in the expanding microplasma jet

was carried out by placing a movable double Langmuir probe at different positions in
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the jet plume downstream of the capillary exit. Figure (a) shows three typical IV
characteristics for an Ar jet at 10 Torr and 3 mA, measured at d = 3, 5, and 10 mm
downstream of the capillary exit. In general, the IV characteristics are symmetric, which
they should be given the floating probe configuration, and they approach a saturation
current at large differential bias when the plasma sheath around the probe wires is space
charge limited. Saturation currents do slightly increase with bias, instead of plateauing,
due to slow expansion of the sheath at high bias providing a larger lateral surface area
around the probe before for the onset of the space charge limit. The trend with distance,
i.e., larger saturation currents closer to the capillary exit, makes sense because charged
plasma species collide with background gas and are neutralized as the jet plume expands.
This phenomenon, namely quenching of plasma charge carriers with distance from the
source, is highlighted in Chapter 5, where it is observed that substrate charging, and
the resulting film morphology, depends critically on the electrostatic configuration at the
film deposition front.

Figure (b) shows a model fit of equation 3.1 to the DLP data, and gives an electron
temperature of T, = 2.4 eV. Similar fits were conducted for DLP measurements at
different locations in the jet plume and plasma currents; these T, data are summarized
in Table 3.1} In general, T.’s are in the 1-2.5 eV range, and higher plasma currents and
larger downstream distances result in lower T,. These trends can likely be explained by
(i) lower plasma currents resulting in lower plasma density, and hence more opportunity
for electrons to experience the Pendel effect and gain energy in the hollow cathode, and
(ii) plasma electrons suffer more energy-robbing (inelastic) collisions with background

gas as the plasma jet expands.
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Figure 3.5: (a) Double Langmuir probe (DLP) IV characteristics measured at differ-
ent points in the plume of an expanding Ar microplasma jet at 10 Torr and 3 mA.
Distances correspond to the location of the DLP wires from the capillary tube cathode
exit. (b) Model fit (equation 3.1) of DLP data, showing how the electron temperature
(T¢) can be extracted from the IV characteristic.

Plasma current | 3mm | 5 mm | 10 mm
3 mA 241 eV | 1.17 eV | 0.87 eV
8.5 mA 1.44 eV | 2.05 eV | 1.07 eV
20 mA 1.39 eV | 1.07 eV | 0.99 eV

Table 3.1: Summary of T, measurements of an Ar microplasma jet operating at 10
Torr at different currents and distances downstream of the capillary tube cathode exit.

3.2.3 Effect of plasma circuit configuration and O, addition on

double Langmuir probe measurements

As will be discussed more deeply in Chapter 5, the electrostatic configuration of the
sample, as it relates to how the microplasma jet bias circuit is completed, namely through
the sample vs. to a remote ring anode, plays a large role in the morphology, crystallinity,
and fluorine content of the deposited film. Here, we explore how the bias configuration,

plasma current, and O addition affect (nor not) the electron temperature and saturation
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currents measured in the jet. These measurements were conducted with an Ar jet at 12
Torr with a grounded graphite chuck (functioning as the plasma anode) or a floating
teflon chuck with a grounded ring anode, with the DLP and chuck placed at 5 mm and
15 mm downstream of the capillary exit, respectively.

Figure (a-c) shows a summary of these DLP measurements for different plasma
conditions, where T, and saturation currents can be seen to change significantly with
plasma current. Overall, the general behavior for both bias configurations can be grouped
into two regimes, namely below and above 8-9 mA drive current, where the behavior is
markedly different. For the low current regime, large variations or spikes in T,, ranging
from 0.5 to 4 €V in some cases can be seen, with similar trends in the saturation cur-
rent. In this regime, the plasma jet was observed to progress through different phases of
emission intensity and shock structures that were extremely sensitive to the current, rem-
iniscent of pre-discharge-like phenomena and instabilities that can occur under higher pd
situations. Support for this explanation can be found in the actual plasma drive circuit
IV characteristic shown in Figure where the voltage drop across the plasma is not
constant, and hence not a hollow cathode, below 8-9 mA. However, above ~8-9 mA, the
microplasma jet was seen to quiet down and stabilize with T.’s in the 1 eV range, and
saturation currents that scaled linearly with plasma drive current. This current regime is
true micro-hollow cathode operation, where the voltage drop across the plasma is indeed
approximately constant as current is increased. Additionally, how the plasma circuit
is completed does affect details of the DLP characteristic, but similar spikes in T, and

saturation current were obtained in both cases below the 89 mA threshold.
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Figure 3.6: DLP data for saturation currents and electron temperatures for an Ar

microplasma jet at 12 Torr, with grounded graphite chuck anode vs.

anode with a teflon chuck.
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Although the spikes in the electrical characteristics at low currents would imply un-
stable plasma jet operation, the observed trends were qualitatively reproducible over
the 1-8 mA range as plasma current was raised and lowered. This observation suggests
that multiple, reasonably stable operating regimes occur, the physics of which need to
be explored further. We also hypothesize that the current regulated mode of biasing
the plasma discharge was quite important in squelching oscillations and instabilities, if
they indeed occurred. It should be noted that many of the nanostructured films in this
work were deposited at 8.5 mA, within or near the low current regime; however, all of
the deposited films, in general, had well defined morphologies, which is interesting given
the complexity and stability of this low current, likely pre-discharge, operating regime.
Additional DLP measurements with Oy in the jet feed vs. the chamber background only,
at different capillary exit-probe distances, and for different bias configuration were also
carried out, as summarized in Figure (3.7, Similar behavior was observed in all cases,
namely large spikes in T, and saturation currents in the low current regime and quiet,
stable operation above ~10 mA. Details of these various operational configurations need

further investigation.
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Figure 3.7: Comparison of electron temperature (T,) for various plasma operating conditions.
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Figure 3.8: Microplasma jet drive circuit IV characteristic. At currents below 8-9 mA,
the bias voltage across the plasma was seen to increase with current, indicative of a
pre-discharge operational mode. Above 10 mA, the voltage bias is constant as current
is raised, indicative of true hollow cathode operation. Operating conditions were 160
sccm Ar and 12 Torr using a grounded ring anode.

3.3 Summary and conclusions

This chapter explored the use of optical emission spectroscopy (OES) and double
Langmuir probe (DLP) methods to characterize the operation of the microplasma jet
source. OES with trace Ny in an Ar jet yielded estimates of T, = Tyes and Ty of 500-
700 K and 5000-6000 K, respectively, using two independent methods, demonstrating that
the microplasma jet source is indeed a cold plasma. DLP data also provided estimates
of T, in the range of 1-2.5 eV, which depend on the exact location in the expanding
jet plume. In general, lower plasma currents and smaller downstream distances resulted
in higher T,, which could be rationalized based on the increased likelihood of electrons
gaining energy via the Pendel effect and quenching by collisions with the background gas
during the jet expansion. The transition between a pre-discharge-like operating regime

at low plasma currents (< 8-9 mA) and true hollow cathode operation (> 10 mA) was
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observed in the plasma circuit IV characteristic. Future studies are underway to connect
the electrical operating characteristics of the microplasma jet source with the morphology,

crystallinity, and stoichiometry of the deposited nanostructured thin films.
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Chapter 4

Microplasmas for direct,

substrate-independent deposition

This chapter has been adapted from: K. E. Mackie, A. C. Pebley, M. M. Butala, J. Zhang,
G. D. Stucky, and M. J. Gordon, “Microplasmas for direct, substrate-independent de-

position of nanostructured metal oxides”, Applied Physics Letters, 109(3), p.033110, 2016.

A general, substrate-independent method for plasma deposition of nanostructured,
crystalline metal oxides is presented. The technique uses a flow-through, micro-hollow
cathode plasma discharge (supersonic microplasma jet) with a 'remote’ ring anode to
deliver a highly-directed flux of growth species to the substrate. A diverse range of
nanostructured materials (e.g., CuO, 7-Fe;O30, and NiO) can be deposited on any room
temperature surface, e.g., conductors, insulators, plastics, fibers, and patterned surfaces,
in a conformal fashion. The effects of deposition conditions, substrate type, and pat-
terning on film morphology, nanostructure and surface coverage are highlighted. The
synthesis approach presented herein provides a general and tunable method to deposit a

variety of functional and hierarchical metal oxide materials on many different surfaces.
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High surface area, conversion-type CuO electrodes for Li-ion batteries are demonstrated

as a proof-of-concept example.

4.1 Introduction

The ability to synthesize functional nanoscale materials, as well as to integrate these
structures into devices, is fundamental for the development of next-generation micro- and
optoelectronic devices, sensors, and energy harvesting and storage technologies [57-60].
Realization of nanomaterials and multi-scale systems often requires complicated pro-
cessing steps that may involve a combination of wet chemistry, physical/chemical vapor
deposition, vapor-liquid-solid or molecular beam epitaxy, self- and/or directed assembly,
lithography, and etching. In addition, both wet and dry conditions, long processing times,
high temperatures, vacuum processing, and templates or catalysts can be required. As
such, we continually seek to develop general and tunable methods that can easily and
rapidly create nanostructured functional materials. For example, atmospheric pressure
plasmas [61,/62], plasma sprays [63-65], and microplasmas [12, 13} 24} 25,2728, /66-70]
have shown much promise toward this goal. Extending and adapting such methods in
a generic way to different material systems and deposition situations, as well as under-
standing how plasma operating conditions affect growth processes, is critical for their
implementation.

In this work, we present a general, microplasma-based approach for direct deposi-
tion of nanostructured and conformal, crystalline metal oxides (CuO, NiO, y-Fe203) on
virtually any substrate (e.g., conductors, insulators, polymers, fibers, patterns) at room
temperature. A supersonic DC microplasma jet is seeded with organometallic precursors
under oxidizing conditions to create a directed flux of growth species (e.g., atoms, ions,

clusters, and/or nanoparticles) that are subsequently “spray-deposited” onto the surface
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of interest. A remote, concentric ring anode, instead of the substrate, is used to com-
plete the plasma circuit, allowing deposition on both conducting and insulting surfaces.
Herein, we highlight the diverse range of materials that can be realized using microplasma
growth and discuss how plasma operation and deposition conditions affect film morphol-
ogy. High surface area CuO films were tested as conversion reaction anodes for Li-ion
battery applications to demonstrate incorporation of microplasma-deposited films into
devices, and the potential of microplasmas to synthesize nanostructured materials for

energy applications.

4.2 Experimental details

Metal oxide nanostructures were deposited on a variety of different substrates using
the microplasma deposition system depicted in Fig A flow-stabilized, direct-current
hollow cathode discharge was used to crack sublimed organometallic precursors into ac-
tive growth species (e.g., atoms, ions, and clusters), which were directed towards the
substrate under supersonic flow conditions. Nickelocene, ferrocene, copper(II) acetylace-
tonate (Cu(acac)2), and copper(II) hexafluoro-acetylacetonate hydrate (Cu(hfac), xH20)
(STREM) were sublimed and fed with 100-300 sccm Ar to the plasma jet cathode (stain-
less steel capillary, ID=500 pum) that was biased with current-regulated, DC high voltage
( 10 mA, 300-800 V). A macor-insulated stainless steel ring near the capillary exit served
as the anode to complete the plasma circuit. Oxygen (50-100 sccm) was introduced into
the cathode gas feed or chamber background, the latter being maintained at 10-50 Torr.
The substrate stage, 8-12 mm downstream from the capillary exit, was static or raster-
scanned in a serpentine pattern at a rate of 2-10 pum/s during growth. Deposition rates
varied for different materials, but generally fell in the 50-100 nm/minute range, measured

directly beneath the jet centerline. Substrates were conducting (<0.001 2-cm) and insu-
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Figure 4.1: (a) Schematic of the microplasma deposition system. Ar carrier gas and
sublimed organometallic precursor(s) are introduced into a stainless steel capillary (ID
= 500 pm) inside a macor insulator with ring anode. A hollow cathode DC plasma is
struck between the capillary and ring anode using a current-regulated, high voltage
power supply (HVPS). O is introduced into the chamber background at a rate of
50-100 sccm. (b) Photo of microplasma jet operating with 200 sccm Ar at 15 Torr
and 8.5 mA. MFC = mass flow controller.

lating (>2000 Q-cm) Si, glass coverslips, 300 nm ITO on glass, 50 ym Kapton polyimide
film, 125 pm polished stainless steel, carbon paper, and fiberglass cloth. Deposition on
patterned Si, i.e., micropillars created using colloidal lithography and reactive ion etching
(see [71] for details), was also considered in order to evaluate if the deposited oxide films
were conformal.

Crystallinity and phase of the deposited oxide coatings were analyzed via 6-20 XRD
(with -4 degree offset to suppress Si substrate peaks) using Cu Ko radiation on a PANa-
lytical Empyrean diffractometer; high resolution micrographs and energy dispersive x-ray
(EDX) spectra were taken on an FEI X140 SEM and an FEI Tecnai G2 F20 S-Twin
TEM using lacey carbon grids. X-ray photoelectron spectroscopy (XPS) analysis (Sup-

plementary Information) of the films was carried out on a Kratos Ultra system with
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monochromatic Al-Ka radiation. CuO films on Cu foil substrates were also tested as Li-
ion battery electrodes that store charge by the conversion mechanism. Films were tested
in Swagelok cells against a Li metal electrode in an electrolyte solution of 1 M LiPFg in
1:1 v/v ethylene carbonate:dimethyl carbonate with a glass filter paper separator. Cells
were cycled at a rate of C/20, such that the theoretical 2e reaction of CuO to Cu and

Li,O upon reaction with Li takes place in 20 hours.

4.3 Results and discussion

4.3.1 Substrate-agnostic deposition

Nanostructured CuO was grown at room temperature on conducting, insulating, flex-
ible, patterned, and fiber-based substrates to demonstrate the versatility of microplasma
spray deposition (Fig. 2). Completing the plasma circuit through the remote anode ring,
rather than the substrate, allowed deposition on insulating and floating substrates. All
CuO deposits appeared to have similar “agave-like” nanowire morphologies, and coatings
were reasonably conformal on both fibers and Si micropillars. For the fiber-based sub-
strates, complete conformal coverage of the oxide was observed on the first few layers of
the material, with coverage becoming more sparse on the inner layers due to shadowing.
XRD also showed that all of the coatings were the monoclinic (tenorite) phase of CuO.
Several points about the CuO deposition are noteworthy, as discussed in detail below:
(1) films were nanocrystalline, monoclinic CuO with high surface area, even in the early
stages of growth; (2) the identity and crystallinity of substrate do not appear to affect
the film morphology; and (3) the deposited films were reasonably conformal.

XRD of microplasma-grown CuO nanowires on various substrates revealed that the

structures are crystalline (Fig[4.4[a)), with no observable Cu,O phase, and TEM further
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Figure 4.2: Microplasma spray deposition of CuO at 20 Torr, 8.5 mA with Ar:Oy =

3:1 (O2 in the background gas) on various, unheated substrates: (a) ITO, (b) glass,

(c) stainless steel foil, (d) Kapton polyimide film, (e) conducting Si micropillars, (f)

undoped (insulating) Si micropillars, (g) carbon paper, and (h) fiberglass cloth. Insets

show top-down images of the oxide films at various length scales.
shows single-crystalline regions in the nanowires (Fig £.4(b)-(d)). Nanowires were seen
to principally grow along the direction. XPS analysis (see Supplementary Information)
also showed Cu?t with characteristic CuO shakeup satellites, and no indication of Cu®.
Scherrer analysis of the (-111) and (111) reflections from the CuO nanowire sample
estimates crystallite size at 11 nm. The early stages of CuO growth were investigated
by directing an Ar/Cu(hfac), jet onto a lacey carbon TEM grid for one minute [Fig
(e)]. Although the plasma jet flow distorted the fragile lacey carbon grid, a conformal
coating of small (j 5 nm), seed-like CuO crystal growths with facets can be seen. The
corresponding SAED pattern [panel (f), inset] for this sample indicates that the seeds are
indeed crystalline CuQO, with reflections corresponding to the monoclinic tenorite phase.

Contamination from the capillary tube cathode, ring anode, or C from the precursor,

was not seen in the CuO films, as evidenced by the lack of EDX signals from stainless
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steel (Fe, Cr, Ni, etc.) and C. It is believed that active oxygen species are responsible

for C removal from the growing film.

Intensity [a.u.]

50

2 0 [degrees]

Figure 4.3: Characterization of microplasma-deposited CuO. (a) XRD scan of CuO
deposit shown in Fig. 2(e), with reflections for monoclinic CuO (tenorite) shown.
Green * are peaks from the Si substrate. (b) HRTEM image of a single-crystalline
region of a CuO nanowire grown on Si with zoom of lattice planes. (c) Corresponding
Low resolution image and (d) SAED pattern for the nanowire shown in (c¢). Growth of
the wire was along the direction. (e) CuO nanocrystallites collected on a lacey carbon
TEM grid exposed to an Ar/Cu(hfac)2 jet for one minute. Panel (f) inset shows the
SAED ring pattern with reflections for tenorite CuO noted.

It is initially surprising that crystalline CuO can be deposited on a substrate that is
‘nominally’ at room temperature (i.e., a thermocouple beneath the sample read <70 de-
grees C throughout deposition). However, particle nucleation and crystallization in non-
thermal plasmas, with gas temperatures well below the crystallization threshold, have

been reported and studied for several years [21)[23|[72/[73]. These works suggest that, due

to energetic surface processes (e.g., ion/electron collisions, ion-electron recombination,
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Figure 4.4: Microplasma deposition of (b) a-FesO3 and (c¢) NiO on 2.5 pm high Si

micropillars (a). Insets show top-down zoom images of the oxide morphology. (d)

XRD spectra of the films in (b) and (c). Reference reflections for NiO (bunsenite,

rock-salt) and a-FeaO3 (hematite, rhombohedral) are noted. Si substrate peaks are

denoted with green *. All materials were deposited at 20 Torr, 8.5 mA with Ar:Oy =

8:1 (Og in the jet) on unheated Si micropillar substrates; deposition time was 15 min

with no substrate rastering.
and chemical reactions), clusters (nanoparticles) in the plasma can be selectively heated
above the overall gas temperature. For example, it has recently been estimated that Si
nanoparticles <10 nm formed in a non-thermal atmospheric pressure microplasma can
reach temperatures of 750K due to collisional heating . A similar mechanism may
be at play here, forming crystalline CuO seeds in the plasma; in addition, bombardment
of the substrate by the plasma jet afterglow could enhance surface diffusion by locally
increasing the surface temperature.

The microplasma deposition technique can also be easily extended to other oxide
systems, such as NiO and a-Fe;O3, and for conformal deposition, as shown in Fig. 4.
Similar plasma operating parameters (20 Torr, 8.5 mA, Ar:0,=8:1 with O in the jet)
and static substrate were used to deposit both oxides on silicon micropillars at room
temperature. Oxide coverage was reasonably conformal, with growth at the tops of pillars
being favored due to shadowing effects. The observed crystal habits for each oxide were

consistent with the bunsenite (rock-salt) phase of NiO and the hematite (thombohedral)

phase of a-Fe;O3. Scherrer analysis of the NiO (200) and Fe,O3 (104)/(110) reflections
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Figure 4.5: High resolution Cu, Ni, and Fe 2p spectra of microplasma-deposited CuO
(a), NiO (b), and Fe3O3 (c) nanostructures on Si micropillar substrates (Figs. 2(e),
4(b), and 4(c)).
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gave crystallite sizes of 20 and 23 nm, respectively. XPS of the films additionally showed
Fe3™ and Ni*" chemical environments, in agreement with the Fe,Os and NiO phases
seen by XRD. A Kratos Ultra x-ray photoelectron spectroscopy (XPS) system was used
to measure the surface compositions of as-deposited nanostructures [see Fig. S1]. High
resolution Cu, Ni, and Fe 2p spectra corroborate the XRD-determined compositions and
oxidation states of the deposited materials. Cu2+ is the dominate species at the surface
of the copper oxide nanowires, as evidenced by shakeup satellite peaks only observed for
paramagnetic Cu(II) (Fig. SI (a)). Additionally, the lack of shoulders in the 2p3/2 and
2p1/2 peaks and the large size of the satellite peaks relative to the 2p further suggest
pure CuO [1,2]. Likewise, the Ni and Fe 2p peaks correspond to Ni*T and Fe3" species,
respectively [3,4], and are in agreement with the XRD-determined phases of NiO and
Fe,Os.

4.3.2 CuO Conversion-type Li-ion battery

Finally, nanostructured CuO films were evaluated as conversion electrodes for Li-
ion batteries. CuO directly spray-deposited onto a copper foil current collector was
assembled in a Swagelok cell against a Li metal anode at a rate of C/20. As can be seen
in Fig[4.6] the microplasma-deposited electrode exhibited high specific capacity and good
cyclability ( 650 mA h/g over several charge-discharge cycles). The large and irreversible
capacity loss after the first discharge-charge cycle is characteristic of CuO and other
transition metal oxide conversion materials [74]. This loss is attributed to several factors
including the incomplete conversion of Cu into CupO instead of CuO during charge,
cracking due to large volume expansion that could compromise electrical contact, and
the formation of a solid electrolyte interphase (SEI) [74]. Despite the irreversible capacity

loss in the first cycle, a capacity of about 650 mA h/g was retained over several cycles
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Figure 4.6: Discharge-charge profiles for microplasma-deposited CuO on Cu foil, used
as a Li-ion battery anode. Testing configuration was a Swagelok cell operating at
C/20 with 1M LiPFg in 1:1 v/v ethylene carbonate:dimethyl carbonate electrolyte
and Li-metal cathode. (inset) SEM image of the CuO film
and is similar to capacities reported for CuO-based electrodes synthesized by traditional
chemical methods [75-77]. The microplasma-deposited films have the added benefit in
this application of not requiring the conductive carbon additives or polymer binders
for electrode preparation, which can constitute 15 percent of the electrode films mass.
This preliminary result demonstrates both the ease of integrating microplasma-grown

materials into devices with minimal processing, as well as the viability of microplasma

deposition to synthesize materials for energy applications.
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4.4 Conclusions

In this work, we demonstrated a simple, microplasma-based approach for direct, low
temperature deposition of nanostructured metal oxides on a variety of substrates ranging
from conductors to insulators, and polymer films to fibers. The films were highly crys-
talline and conformal, and raster scanning the substrate allowed deposition over larger
areas with a single microplasma jet. Overall, we believe that microplasmas have great
potential in materials processing, and deposition methods can be extended to a wide
range of functional materials and hybrid structures for use in micro- and optoelectronics,

sensing, and energy applications.
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Chapter 5

Importance of substrate charging

during microplasma jet deposition

The influence of charging of the substrate during microplasma jet deposition is dis-
cussed in the context of different plasma anode electrical configurations (remote ring
anode vs. sample as anode), substrate bias configuration (floating vs. grounded), and
for several fluorintated organnometallic precursors, namely Cu(hfac), and Y (hfac);. The
electrostatic environment at the deposition front, as well as the ability of the sample to
conduct and/or sink plasma current to ground, was seen to have significant impact on
the morphology and fluorine contamination of the resulting film deposits. For example,
the fluorine content of films was typically 5x larger with the sample as the plasma circuit
anode, i.e., the plasma current was sunk through the sample to ground, as compared to
using the remote ring anode and electrically floating sample. A case study of these effects
is presented for CuO deposition from an Ar/O plasma with Cu(hfac)s-H2O, where the F
contamination in the film could be tuned using the aforementioned electrostatic effects.
Application of the latter is demonstrated as a means to deposit phase pure YF3 coatings

from sublimed Y (hfac)s-H5O.
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5.1 Introduction

Manipulating the electrostatic environment of the substrate during plasma processing
is common practice to optimize etch rates and selectivity, as well as improve deposition
rates and film quality. During deposition, tuning the electrostatic potential at the growth
front is usually accomplished by biasing the deposition surface. Ostrikov [78] reported
that during plasma-assisted quantum dot deposition, surface diffusion in the presence of
an electric field (i.e., a biased surface) can result in significantly higher surface diffusion
rates, and thus higher crystallinity of the deposited material. Similarly, during plasma-
assisted atomic layer deposition (ALD), plasma (ion and electron) bombardment of the
surface often allows deposition at lower temperatures, higher film crystallinity, and better
control over composition - all due in part to an increase in adatom migration (enhanced
surface diffusion) [79,80]. Additionally, substrate biasing during plasma-assisted ALD
can be used to tune growth per cycle, mass density, and crystallinity [80,81]. Ito et al.
also showed that accumulated charge on the substrate (10’s nC) during SiOy deposition
with an atmospheric plasma jet had a significant effect on deposition rate [82], i.e., the
deposition rate varied from 40-80 nm/s as the effective capacitance of the substrate to
ground was changed from 10 to 100 pF; ergo, local charging was quite important.

Microplasmas, at both atmospheric and lower pressures (10’s of Torr), have shown
great promise in the direct deposition of nanomaterials and nanostructured thin films
[12,125,126,47]. Briefly, these plasma jets are used to crack organometallic precursors
that then react with O5 or Hs, resulting in nucleation and aggregration of small growth
sub-units, namely atomic clusters and/or small nanoparticles. At higher pressures, these
species continue to coalesce until growth is quenched as particles exit the active plasma
volume. However, at lower pressures, these fundamental growth units are small, and

when deposited on a substrate, have enough mobility to form crystalline features. In
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such systems, charging of both clusters and nanoparticles within the plasma, and the
deposition substrate, are important. For example, it is commonly seen that clusters and
nanoparticles become negatively charged in a plasma due to the difference in electron
and ion fluxes across the plasma sheath [23[83], resulting in reduced agglomeration [23].
It has also been shown that a dielectric substrate beneath a plasma jet will accumulate
charge in the same way. Sobota et al. [84] and Wild et al. [85] have experimentally
measured the electrostatic charge deposited on a dielectric by an atmospheric plasma
jet. For example, Sobota showed that average fields up to 100 kV/em could be obtained
during one period of a 30 kHz AC excited He jet, and Wild noted that increasing the jet
nozzle - substrate separation resulted in significantly lower or no charging at all, e.g., all
surface charge was dissipated within a few mm of the nozzle exit.

In this chapter, we investigate how changing the electrostatic environment of the
deposition substrate affects the deposition of materials from two common fluorinated
precursors. For example, it is found that when the substrate is the plasma anode and
grounded, the amount of fluorine in the deposited film is high (20%), resulting in a loss of
crystallinity of CuO. However, deposition on a floating substrate that will charge up under
the plasma jet yields lower contamination levels (< 5 %) and highly crystalline films.
Additionally, given the aforementioned findings, it is shown that by controlling substrate

charging, a dense, phase pure YF3 film can be deposited from Y (hfac)s precursor.

5.2 Experimental details

All experiments were carried out in the microplasma-based deposition system de-
scribed in Chapter 2. A flow-stabilized, direct-current hollow cathode discharge was
generated inside a stainless steel capillary (ID=500 pm) that was biased with a current-

regulated, DC high voltage (5 mA - 15 mA, 300-800 V). Ar (100-250 sccm) was fed to
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the capillary and oxygen (50-100 sccm) was introduced into the chamber background,
maintained at 12 Torr. The hollow cathode discharge was generated by applying high
voltage between the capillary (micro-hollow cathode) and one of two anodes: a remote,
ring anode located near the capillary exit (Configuration 1) or a graphite deposition
chuck (Configuration 2).

In Configuration (1):

e The MHCD circuit was completed between the capillary (cathode) and remote ring

anode,

e the graphite deposition chuck was floating, i.e., the chuck was electrically isolated

from the rest of reactor via ceramic electrical break, and

e the deposition substrate was isolated from the graphite chuck using a large glass

slide.
In Configuration (2)*:
e The plasma circuit was completed through the grounded graphite deposition chuck,

e a CuBe clip made electrical contact with both the deposition substrate and the

conductive graphite chuck, and
e the remote ring electrode was grounded during deposition.

*In Configuration 2, ammeters were connected from the ring electrode and graphite
chuck to ground. During plasma operation, the ring electrode read no current, and
the ammeter on the chuck confirmed that all of the plasma current was sunk through
the chuck to ground. The latter was true for all experiments, even when depositing on

dielectric substrates, as will be discussed below.
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Organometallic precursors Cu(hfac)s-HyO, Cu(acac)s, or Y(hfac);-HoO (STREM,
Sigma Aldrich) were sublimed at 23 C, 130 C, and 120 C in 10-50 sccm Ar sweep gas,
respectively, and mixed with the main Ar/O, gas feed to hollow cathode. A variety of
deposition substrates were studied, both conducting (degenerately-doped Si, Cu (100),
polycrystalline molybdenum, rolled titanium, aluminum, and tungsten) and insulating
(spinel, quartz, sapphire, magnesium oxide, and borosilicate glass). The substrate chuck,
5 - 20 mm downstream from the capillary exit, was static or raster-scanned in a serpentine
pattern at a rate of 200 pum/s during growth of CuO and YFs.

The deposited films were imaged with an FEI XL30 SEM, and composition (C and
F contamination) was quantified using an extended range EDAX Element Silicon Drift
Detector [86] at 15keV electron beam energy. XRD was performed using Cu Ka radia-
tion on a PANalytical Empyrean diffractometer, with -4 degree offset to suppress the Si

substrate peak.

5.3 Results

5.3.1 Deposition on floating versus grounded substrates

The electrostatic environment during deposition, as well as substrate charging, have
a very pronounced effect on the resulting morphologies of CuO deposited from Cu(hfac)s,.
Figure (a,d) and (b,e) illustrate this drastic change in morphology under identical
growth conditions, i.e., precursor flux, gas flows, substrate distance from plasma jet (~8
mm), plasma current (8.5 mA), and chamber pressure (12 Torr) were all held constant.
Deposition on a conductive Si substrate with a grounded chuck (panel (b)) yielded a
dense, thin film with >20 at% fluorine, whereas, deposition on the same Si, but with the

substrate and chuck both floating (panel (a)), resulted in vertically aligned CuO wires
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with low (< 5 at% fluorine) content (panel (f)). Similar behavior occurred on the Mo
substrate (panels (g,h,i)), and more generally for all conductive substrates, when in a
floating electrical configuration, i.e., substrate on a glass slide, with the graphite depo-
sition chuck as ground. Moreover, these experiments demonstrate that incorporation of
F, dictated by the whether the substrate is electrically floating versus grounded, dictates
the CuO morphology, i.e., CuO nanowires can be grown with a non-fluorinated Cu(acac),
precursor on a grounded Si substrate (panel (c)).

Deposition of CuO from the fluorinated Cu(hfac)s precursor on a variety of insulating
and conductive materials, for both floating and grounded chuck configurations, generally
followed the aforementioned trends (see Figure , that is, floating substrates giving
nanowire-like morphology, as outlined in Figure[5.1} A few exceptions to this trend occur,
which provide some insights into the importance of substrate charging during deposition.
First, in Figure Row (2), we expect CuO nanowires or nanostructures to grow on a
dielectric, but we instead observe a loss of crystallinity and, in the cases of sapphire and
MgQO, dense films are seen. It should be noted that deposition on dielectric substrates
on a grounded chuck (Row (2)) was possible due to the small size (5x5 mm?) of the
coupons. In this case, interestingly, the plasma circuit could still be completed through
the chuck, resulting in a uniform secondary glow around the dielectric substrate (see
Figure[5.3). Given the morphology and high fluorine content of these two films, it is likely
that the secondary glow provided a charge dissipation pathway to the chuck, effectively
mimicking a grounded substrate. For the other Row (2) samples, which were considerably
larger than 5x5 mm?, we hypothesize that the secondary glow was not uniform, e.g., the
plasma jet plume was asymmetrically deflected to the grounded graphite chuck, allowing
certain regions of the sample to differentially charge - recovering the floating substrate
morphology and low F content. Moreover, this charging is likely to be more prevalent

directly beneath the capillary centerline, from which the plasma jet plume was defected
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Figure 5.1: Example of how surface charging and precursor affect the morphology of
CuO films deposited on (a,d) floating Si, (b,e) grounded Si, (g) floating Mo, and (h)
grounded Mo substrates with a microplasma jet. Panels (b) and (c¢) compare the effect
of using fluorinated precursor (Cu(hfac)2) versus non-fluorinated (Cu(acac)z) for the
grounded Si substrate case. Panels (f) and (i) show EDAX data of film contamination
with C and F for the Si (floating and grounded) and Mo (floating vs. grounded) cases
highlighted in (d,e) and (g,h), respectively. Plasma deposition conditions are detailed
in the text.
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Figure 5.2: Example of how substrate electrical configuration (floating vs. grounded)
and sample conductivity (insulators vs. conductors) affect the morphology of CuO
films deposited via microplasma jet from Cu(hfac)s precursor. Plasma conditions were
150 sccm Ar : 50 scem Og in background, 8.5 mA, and 12 Torr. Rows (1)-(4) represent
deposition on insulator 4+ floating chuck, insulator + grounded chuck, conductor +
floating chuck, and conductor + floating chuck, respectively.
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to the grounded chuck. Additionally, while all substrates in Row (3) were floating, we
observed dense films and higher fluorine content for two of the three bulk metal substrates.
In the former cases (Al and W), the large substrate was able to sink or distribute charge
build-up while in contact with the plasma jet, resulting in less surface charge than would
have be experienced at the surface of a dielectric under the same jet. The cauliflower-like
nodule or secondary nanostructure 'growth’ on Al, may therefore be due to insulating

debris on the surface, leading to charging and necessarily nanowire-like features.

Figure 5.3: Example of the secondary glow phenomenon during CuO deposition oc-
curring on an insulting substrate (MgAlyOy4), but grounded chuck, versus a directly
grounded single crystal Cu substrate. The uniform secondary glow above the small
(insulating) MgAl,O4 substrate is thought to dissipate any surface charge, resulting
in a more grounded environment, leading to a dense film of nanoscale aggregates (like
all grounded substrates) instead of larger nanowires.

5.3.2 Plasma jet - substrate distance

Fluorine contamination, and the resulting CuO film morphology, was previously
shown to correlate strongly with a grounded vs. floating substrate. A similar correlation
was also seen as the capillary-substrate (jet-substrate) distance was changed, namely
larger jet-substrate distances resulted in more fluorine, and for floating substrates. As

previously mentioned, Wild et al. reported a decrease in charge accumulation on
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a dielectric surface as the plasma - substrate distance was increased. Likewise here, we
see a significant increase in fluorine content for floating conductive substrates at large
jet-substrate distances, suggesting that there may be less charge accumulation, as in the
case described by Wild. Figures (a) and (b) show deposits on degenerately-doped
(conductive) Si at plasma-substrate distances of 7 mm and 15 mm, respectively. The
same depositions were conducted on borosilicate glass at the same distances (panels (c)
and (d)), and no change in morphology or fluorine content was observed. As such, we
hypothesize that as the jet-substrate distance increases, the charge buildup on the con-
ductive silicon is less, and unlike glass, the (conductive) Si can distribute the charge
through the bulk of the substrate, making the charge at the surface and growth front

significantly less than in the case with the dielectric.

5.3.3 Plasma current

Altering the plasma operating current during deposition was found to be another
method of tuning fluorine content in the deposited film. For example, EDAX data and
the F, O, and Cu content of various CuO films deposited at 3, 8.5, and 14 mA on
conductive Si (electrically floating) at 7 mm jet-substrate distance are shown in Figure

B.5l and Table B.11
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Figure 5.4: Example of how jet-substrate distance can affect the charge state at
the growth front for CuO deposition on consucting Si versus glass. No change in
morphology occurs on glass, which always charges, no matter the distance; the same
is not true for the conducting Si.
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Figure 5.5: EDAX spectra of CuO deposits on a floating Si substrate for various

plasma jet currents.

Current [mA] O at% F at% Cu at%
3 42.9 21.7 35.3
8.5 42.6 18.5 38.9
13 49.9 8.2 41.9

Table 5.1: F, O, and Cu content of CuO films presented in Figure [5.5

atomic % based on EDAX spectra

Data are

Overall, higher plasma currents led to lower fluorine contamination and (as a result)

higher film crystallinity. This trend is likely due to the fact that higher plasma currents

deliver more cumulative charge to the substrate and a higher electrostatic potential at

the growth front (i.e., the sample floats up), in similar fashion to the morphology results

for insulated vs. grounded substrates discussed in Section 5.3.1.
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5.3.4 Deposition of YF; from Y (hfac)s;-H,O

YF3 and YOF, are currently being investigated as refractory coatings for plasma etch
tooling and optical systems due to their high temperature and chemical stability in the
presence of fluorine/oxygen plasmas and broadband transmission in the UV-vis-IR range,
respectively. Controlling the stoichiometry and morphology of such coatings, as well as
depositing them on a variety of surfaces, are therefore very important. Toward this
end, we have explored if the aforementioned ability to tune the level of F-incorporation
with substrate electrical configuration could be used to spray-deposit YOF, and phase
pure YF 3 from a hexafluoroacetylacetonate precursor. For example, Figure [5.6] shows
SEM and EDAX results for three Y (hfac);-H2O deposition experiments carried out under
different conditions: using degenerately-doped Si substrate that was (1) floating + 8.5
mA plasma current, (2) floating + 3 mA, and (3) grounded + 8.5 mA. Film (1) was
a mixed YOF, deposit (10% O + 65% F), and the F-content decreased by a factor
of 2 when the plasma current was lowered from 8.5 — 3.0 mA (Film (1) — Film
(2)). When the substrate was grounded, oxygen was not detected in the film by EDAX,
and pure YF, was obtained. These data are consistent with the aforementioned CuO
experiments where lower plasma current and grounded samples result in less charging
at the deposition front, and hence higher F-content films. The film grown at 3 mA +
floating chuck had remarkable uniformity and very low porosity (as-grown), and it was
further annealed in UHV at 300 C for 1 hr (see Figure . XRD patterns of these
two films are given in Figure ; peaks in the annealed sample correspond to the (020),

(111), and (210) orthorhombic reflections of YFj.
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Figure 5.6: SEM and EDAX data for YOF, and YF, films deposited on a degen-
erately-doped Si substrate using Y (hfac)s precursor at (a-c) 8.5 mA plasma current
+ floating substrate, (d-f) 3 mA + floating substrate, and (g-i) 8.5 mA + grounded
substrate. Note that the grounded substrate film had no observable oxygen signal via
EDAX.
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Figure 5.7: SEM of an annealed (300 C, UHV, 1 hr) YF,, film deposited from Y (hfac)s
precursor at 3 mA with a floating substrate. XRD spectra for the as-grown (black)
and annealed (red) samples are also shown, with the (020), (111) and (210) peaks of
the orthorhombic phase of YF3 noted.

5.4 Discussion

The deposition experiments described in this chapter clearly demonstrate that the
electrostatic configuration of the substrate, its ability to distribute or dissipate charge
when exposed to the plasma jet, and the use of acac vs. hfac (fluorine containing)
precursors all affect the morphology and C/O/F contamination levels in the resulting
films. Plasma jet exposure of the substrate leads to surface charging that likely repels
electronegative F species created in the reactive plasma environment. Additionally, it
has been shown that nanoparticles and clusters within a plasma take on a negative
surface charge due to electron collisions. These charged nanoparticles will interact very
differently with a floating (charged) vs. grounded substrate, namely that the former will
result in longer diffusion times [78]. Longer diffusion times would enhance the likelihood
of forming crystalline structures on the surface, as well as increased opportunity for
fluorine species to react with oxygen or carbon species to form volatile compounds that

are removed from the surface in vacuum . This simplified picture is not meant to
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understate the complexities of surface chemistry and plasma-initiated reactions occurring
at the growth front, but rather to communicate general observations that may be helpful
in choosing deposition conditions and film precursors. Plasma-substrate distance and
plasma current can also be used to affect the level of surface charging, and hence, the
resulting film morphology. In general, lower currents and greater distances resulted in less
charging, which favor a more dense, nanoparticle/aggregate-like morphology compared

to crystalline nanowire-like structures.

5.5 Conclusions and future work

In this chapter, observations regarding substrate electrostatics and deposition with
a specific class of fluorine-containing precursors were presented. Higher fluorine incor-
poration during deposition was associated with less substrate charging, due to using a
grounded chuck, lower plasma current, or large substrate-plasma distance. This observa-
tion was used to manipulate fluorine content in a YOF, film to achieve oxygen-free YF;
from a precursor containing oxygen. Future experiments involving biasing the deposition
chuck to large negative voltages (> -270 V, the MHCD voltage) should be conducted. Re-
sults of deposition on biased chucks should mimic those on a substrate that has charged
up under the jet and would therefore repel fluorine, retard agglomeration, and increase

diffusion times in the same manner.
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Microplasma-deposited materials for

electrochemical energy storage

This chapter explores the application of microplasma-deposited thin film materials to
electrochemical energy storage, specifically for high surface area electrode materials for
pseudo- and micro-supercapacitors that store charge via Faradaic charge transfer pro-
cesses. Materials of interest include RuO,, NiO, MnO,; and a mixed oxide system,
Ni;_;Co,0,. The merits of using microplasmas for fabrication of these devices will
be highlighted, and include the ability to (i) directly deposit high surface area oxides
onto current collectors; (ii) tune the size of the deposited nanostructures, which is shown
to have a profound effect on device performance; and (iii) easily combine the spatially-
localized nature of microplasma deposition with standard foundry techniques to fabricate

microscale energy storage devices.
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6.1 Introduction to electrochemical capacitors

Electrochemical energy storage in the form of electrochemical capacitors has been of
great interest for years because their specific power and energy bridge the gap between
conventional capacitors and batteries. Similar to a normal capacitor, energy is stored in
the form of a potential difference between two electrodes with the total, ideal capacitance

defined as

C=3 (6.1)

where the electrodes are charged to +/ — @ with a potential V' between them. However,
unlike the traditional capacitor, electrochemical capacitors exhibit much higher specific
energies and lower specific powers, more like those of a battery. This is depicted in the
Ragone plot in Figure [6.1] where various energy storage devices are compared based on

their available energy (horizontal axis) and how quickly it can be delivered (vertical axis).

6.1.1 Electrical double layer capacitors (EDLCs)

There are two main types of electrochemical capacitors, the first being the electrical
double layer capacitors (EDLCs). These capacitors store energy via an electrochemical
double layer or Helmholtz layer at the surface of the electrodes when ionic charges from
the electrolyte accumulate at the electrode surfaces [88]. The charging process entails
physical adsorption of ionic species to the electrode surface and is non-Faradaic (i.e., no
electochemical reactions are occurring). EDLC electrodes are typically made from high

surface area carbon or other highly porous, conducting electrodes (metals and doped
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Figure 6.1: Ragone plot showing the specific power and energy of available energy
storage technologies. From [8§]

oxides). The capacitance of an EDLC is given as

€r€0

A (6.2)

C:

where ¢, is the relative permittivity of the medium at the electrical double layer, ¢, is
the permittivity of vacuum, d is the thickness of the double-layer and A is the specific
surface area of the electrode. The charge separation and accumulation process at the
electrode surfaces is shown schematically in Figure[6.2] The main factors that contribute
to overall capacities are the electrolyte used and the electrode surface area. Many high
surface area carbons such as activated carbon, carbon nanotubes, aerogels, and graphene
have been and are being explored for these applications [89]. The main advantage of the

EDLC storage mechanism is excellent cycling stability; however, EDLCs generally have
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lower specific capacities, e.g., < 200 F /g, even for carbon aerogels.

(a) (b)

Carbon

Pseudocapacitor

O+ne” ©R
Charge accumulation at electrodes Faradaic reactions at electrodes

Figure 6.2: Schematic of storage mechanisms of electrochemical capacitors. The
EDCL capacitor (a) stores energy via charge accumulation at the electrode surfaces
and pseudocapacitors (b) via Faradaic charge transfer reactions at and involving the
surfaces of the electrodes.

6.1.2 Pseudocapacitors

The second class of electrochemical capacitors is the pseudocapacitor (PCs). In this
device, reduction-oxidation, or Faradaic reactions occur at the electrode surface when
the double layer forms in the electrolyte. Electrode materials in these systems are most
often transition metal oxides and some polymers that can undergo redox reactions during

charge/discharge cycling. The theoretical pseudocapacitance of an electrode is given by

nk’
C = it (6.3)

where n is the number of electrons involved in the redox reactions, F'is Faraday’s constant

(96485 C/mol e), M is the molar mass of the oxide, and V is the operating voltage
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window [90]. PCs are tantalizing alternatives to the more-developed EDLC because
they possess up to 10x higher theoretical capacitance; however, they have yet to be

commercialized significantly due to poor cyclablity and (often) low power density [89).

6.1.3 Hybrid capacitors

One way to mitigate the aforementioned issue with PC cycling is to create a hybrid
capacitor that uses components from both the ECDL and PC. Two types of these hybrid
‘supercapacitors’ are under development: (i) an asymetric hybrid with a pseudocapacitive
anode and a carbon-based ECDL cathode and (ii) a symmetric, “composite” hybrid
capacitor where the redox material and a carbonaceous material is either mixed together
(e.g., mixed nanopowders) or constructed in a hierarchical manner (e.g., oxide structures
grown on carbon fibers) [90]. An example of a symmetric hybrid capacitor is given below

in Section 6.3.

6.2 Pseudocapacitive materials

Many other transition metal oxide materials have been studied as potential electrodes
in pseudocapacitor energy storage devices. A diagram of potential pseudocapacitive ma-
terials in terms of their specific capacitance is shown in Figure[6.3] Promising candidates
include MnOs, NiO, Co30,, SnO,, ZnO, TiOy, V5,05, CuO, FesO3, and WO3 [90]. Given
this suite of metal oxides, and the general need for high surface areas in a hybrid device,
we have explored whether microplasma-deposited metal oxide films may be appropriate
for such applications. Toward this goal, the following sections present some proof of
concept growth studies on RuO, and Ni;_,Co,0,, as well as detailed investigations on
the growth and electrochemical testing of NiO on carbon, and fabrication of MnO,-based

microsupercapacitors, with companion electrical characterization.
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Figure 6.3: Electrochemical capacitor electrode materials and their specific capaci-
tances. Adapted from [91].

6.2.1 RuO,

RuO, is the “original” pseudocapactive material, studied extensively since the 1970’s,
whose capacitive ability as an electrode was demonstrated via Faradiac charge transfer.
The mechanism was later revealed to involve storage of protons from an acidic electrolyte
in a hydrated RuO, electrode surface [92]. With a theoretical capacity of 1300-2200 F
g~ and relatively high conductivity (10° S cm™1), RuO, seems ideal, and has received
much research focus for energy storage. Unfortunately, RuO, suffers from low cyclability
and high materials cost ($266/0z) [89,/92], making its widespread implementation rather
unlikely. Notwithstanding, we have explored if microplasmas could be used to deposit

these RuO, materials. In preliminary experiments, a ruthenocene CVD precursor was
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introduced into an Ar/O, plasma (8.5 mA, 12 Torr), and RuO, was successfully deposited
on a Si substrate, as shown in Figure[6.4l The film had porous character and is made up
of 50 nm cube-like nanostructures, whose habit is suggestive of the common tetragonal
phase of RuO,. EDAX was also conducted (Table and revealed a modest level of
carbon contamination (13 at%), suggesting further optimization of the deposition process
is needed, e.g., adding extra Og to the jet and/or background to remove C in the film,

as well as companion electrochemical testing.

Precursor:
|
Ru

S

Figure 6.4: Preliminary deposition of RuO, thin film using an Ar/Os microplasma
jet with ruthenocene precursor at 12 Torr and 8.5 mA. Side and top views are shown.

Element | atomic %
Ru 33%
0O 54%
C 13%

Table 6.1: EDAX analysis of the microplasma-deposited RuO, nanostructured film
shown in Figure

6.2.2 Ni;_,Co,0,

In general, transition and mixed metal oxides are attractive materials for next-
generation energy storage because they are readily available, cheap, and many have
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high theoretical capacitances. However, most exhibit poor electrical conduction, which
is usually mitigated by adding a conductive binder such as carbon [93] to form a effec-
tive electrochemical electrode. Unfortunately, diluting the redox-active metal oxide only
decreases the surface area available for Faradaic charge storage. However, some mixed
metal oxides, such as the spinel form of NiCoyOy, are receiving considerable interest, due
in large part to their inherently high electrical conductivity, which eliminates the need
for a conductive binder. For example, Windisch et al. [94] reported growth of NiCo,O4
thin films with resistivities as low as 0.003 © cm (see Fig. [6.5)).
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Figure 6.5: Resistivity of several Ni/Co oxides. A minimum is observed for the spinel

NiCo204. Adapted from [94].

NiO and CoO also readily form solid solutions, but under the right conditions, can
form the spinel NiCo,0O,4 phase, or a combination. Various crystal phases and a pseudo-
phase diagram of the (Ni,Co)O system in shown in Fig. [95]. From this diagram,
one can see that a single phase CoO/NiO solid solution is guaranteed above a specific
temperature in the 600-800 C range. These authors reported complicated phase rela-
tionships within this system and found that heating a spinel-containing sample above

600 C resulted in loss of the spinel and the formation of a solid solution of NiO/CoO;
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whereas, heating and cooling the system below 600 C at most compositions resulted in
the solid solution and a separate Co3zO4 phase . These aforementioned measurements
therefore suggest that forming the high conductivity spinel phase is highly desirable, but
it must be done at low growth temperatures to avoid the miscibility of NiO and CoO.
Given the low temperature requirement, and the need for high surface area materials, it
seems very promising to growth such films using microplasma jet deposition. Moreover,
exploring the (Ni,Co)O system may also prove to be an interesting way to investigate
growth conditions within the microplasma jet, given the low-temperature requirements
for the formation (and retention) of the spinel phase. Also, the microplasma spray tech-
nique has the ability to deposit high surface area, nanostructured thin films that would

be excellent candidates for redox-based electrochemical energy storage devices.
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Figure 6.6: Crystal structures of (a) rock salt NiO, (b) Co304, and (c) Ni-doped Co304
(the spinel phase NiCo0y4), from [93]. (d) Pseudo-phase (temperature-composition)
diagram for the (Ni,Co)O system. A phase boundary between a single phase solid
solution of NiO/CoO region and a two-phase NiO/CoO solid solution + Co304 region
is shown.

90



MICROPLASMA-DEPOSITED MATERIALS FOR ELECTROCHEMICAL ENERGY STORAGE
CHAPTER 6

Experimental setup

Mixed metal oxide nanostructures were deposited on degenerately doped Si substrates
using the microplasma deposition system discussed in Chapter 2. The flow-stabilized,
direct-current hollow cathode discharge was used to crack two sublimed organometallic
precursors, cobaltocene and ferrocene (STREM), into active growth species (e.g., atoms,
ions, and clusters), which were directed towards the substrate under supersonic flow
conditions. Oxygen (5-20 sccm) was introduced directly into the capillary cathode gas
feed. The substrate stage was located 8-12 mm downstream from the capillary exit. Both
precursors were housed in stainless steel “sublimation cells” and were heated to a desired
temperature using fiberglass coated heat tape. The precursor flux to the plasma, and
thus the film stoichiometry, was controlled in one of two ways: (1) by adjusting the Ar
flow to the sublimation cell containing the precursor or (2) by increasing the temperature
of the precursor cell.

Phase and crystal structure of the deposited oxide thin films were analyzed via 6-26
XRD (with -4 degree offset to suppress Si substrate peaks) using Cu Ko radiation on a
PANalytical Empyrean diffractometer. High resolution SEM micrographs were taken on
an FEI XL40 SEM and film stoichiometry was determined using energy dispersive x-ray
(EDAX) spectra of Ni and Co K lines.

Results and discussion

Nanostructured Ni;_,Co,O, films of different compositions (X = 0.42 to 0.84) were
deposited on silicon substrates, as shown in Fig. [6.7 A variety of film morphologies
were obtained, ranging from dense, columnar structures for the lowest Co concentration
sample, X, = 0.42, to vertically-aligned nanoblades and nanostructures for X¢, > 0.55.

These films were grown using the Ni(Cp)s sublimation cell held at 23 C and the Co(Cp)s
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Figure 6.7: SEM images of microplasma-deposited Ni;_;Co,O, nanostructured thin
films. The mole fraction Co was varied from (a) 0.42 to (h) 0.84. Atomic composition
is based on EDAX spectra of the Ni and Co K« lines.

sublimation cell heated to 36-48 C. The final film composition, as measured via EDAX,
could be easily controlled by changing the Co(Cp), cell temperature, as depicted in Fig.
[6.8] For the NiCoyO, spinel, the desired Co mol fraction is X¢, = 0.66, which was achieve
at 40 C for the cobaltocene precursor.

XRD analysis is exceedingly challenging when working with small deposits and thin

films. However, the analysis shown in Figure suggests:

e Pure phases of NiO and Co30O4 were deposited. The NiO deposit was highly tex-
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Figure 6.8: (Ni,Co)O film composition (mol fraction Co) as a function of cobaltocene
precursor cell temperature. The nickelocene precursor cell temperature was held con-
stant at 23 C.

tured and gave only one, very strong (200) reflection. The cobalt oxide film, on
the other hand, showed a weak and fairly broad peak that corresponds to the (111)

reflection of CozQy.

e [t is unclear if the spinel NiCo,O4 phase was deposited, as the XRD pattern for the
Xco = 0.66 (green) suggests. The small, shifted peak near both NiO and Coz04
reflections may suggest the presence of a solid solution, where the lattice parameter

is shifted slightly.

e A biphasic, solid solution of NiO and Co3z04 was likely obtained for X, = 0.88, as

evidenced by the (111) reflections from both oxide phases.
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Figure 6.9: SEM images and preliminary XRD data for microplasma-deposited, nanos-
tructured thin films: pure phase NiO, two mixed oxides, and pure CoO.
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Concluding remarks

The previous sections have shown how the microplasma-based deposition tool devel-
oped in this work can be used to directly deposit biphasic, nanostructured Ni;_,Co,O,,
at various compositions. This is accomplished by simply tuning the amounts of sub-
limed precursors delivered to the plasma source. SEM also reveals that deposits are
composed of high surface area, vertically-aligned nanostructures that would seem ideal

for electrochemical energy storage applications. These measurements are underway.

6.3 Nickel oxide nanostructures on carbon fiber for
hierarchical pseudocapacitors

Nanostructured metal oxides on various forms of carbon (fiber, paper, nanotubes,
etc.) have seen increased interest in recent years as high surface area, redox-active elec-
trodes for pseudocapacitors [90]. In particular, NiO boasts an extremely high theoretical
capacitance value of 2584 F ¢! (with a voltage window of 0.5 V), but it unfortunately
has a rather low electrical conductivity (0.01 - 0.32 S m™! [96]). This latter issue has
been somewhat circumvented by forming a composite pseudocapacitor, where nanos-
tructured NiO is mixed with a binder to improve conductivity and achieve high specific
capacities and high cyclability, with reported typical performances ranging from 50-1700
F g7 [97-99]. Many routes have been explored to form NiO on carbon, including hy-
drothermal and solvothermal methods, sol-gel, precipitation, electrochemical deposition,
and microwave synthesis.

Microplasma jet-based synthesis, as has been previously shown, allows spray deposi-
tion of nanostructured materials on virtually any surface, and moreover, the deposited

films are in direct electrical contact with the substrate (current collector), eliminating
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the need for binders or post-deposition processing. Direct growth onto the current col-
lector increases the mechanical stability of the system and also decreases the contact
resistances. As such, microplasma spray deposition is potentially an easy and direct
method to realize high performance pseudocapacitor electrodes in a single step. The
following section highlights experimental results on direct spray deposition of NiO onto
Toray carbon fiber paper, with companion IV and CV electrical testing of films in a

proof-of-concept pseudocapacitor device.

6.3.1 Microplasma deposition on carbon fiber paper

The microhollow cathode discharge was operated at 8.5 mA and 18 Torr with a flow of
150 sccm Ar to the capillary. Approximately 50 sccm O, was introduced to the chamber
background. A nickelocene precursor was sublimed at 24 C and injected into the plasma
jet. The deposition substrate was located 1 cm downstream of the nozzle throat and was
raster scanned in a single-pass serpentine pattern to deposit a 0.9 x 0.5 cm? or 0.45 cm?
area film on Toray carbon fiber paper. The NiO film thickness (or size of nanostructures)
deposited on the carbon paper could be tuned by adjusting the substrate scanning rate
under the jet, i.e., 100 ms vs. 500 ms between each stepper motor pulse to move the
deposition chuck. Longer wait times between motor movements resulted in thicker NiO
deposits composed of larger nanostructures.

An example of microplasma-deposited NiO on carbon paper is shown in Figure [6.10]
As can be seen, the first few fiber layers are confomally covered with sub-50 nm diameter
NiO nanostructures (“fuzz”) that are similar to those presented in Chapter 4. The NiO
features appear to be highly crystalline with facets that are reminiscent of a cubic crystal
habit, which is expected for the bunsenite (rocksalt) phase of NiO. It is also interesting

to note that exposure of the carbon paper substrate to the plasma, which does indeed
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contain oxygen, does not appear to disrupt or damage the carbon fibers. This observa-
tion is somewhat expected because the microplasma jet source is a very low temperature
plasma, with effective gas temperatures in the 300-700 K range (see Chapter 3 for de-
tails). Shadowing of fibers lying deeper within the substrate (paper) thickness certainly
occurs, but this is not a significant issue with respect to the electrode’s performance in a
pseudocapacitor device (see Section 6.3.2), other than perhaps increasing its gravimetric
capacity (F/g). In future experiments, it may be possible to pump through the porous

fiber paper to cover fibers throughout the entire bulk of the paper.

Torayscarbon
fiber paper

Figure 6.10: Microplasma spray-deposited NiO on Toray carbon fiber paper substrate
for pseudocapacitor electrode. Panel (a) is the paper substrate, and (b,c) show various
zoom images of the NiO nanostructures.

6.3.2 Cyclic voltammetry of NiO on carbon

The reversible redox behavior of NiO in an alkaline electrolyte is given in Equation
(6.4), and involves cycling between the oxide (Ni?*) and oxyhydroxide (Ni'*) phases to
reversibly store charge. The aforementioned NiO on carbon samples (Figure were
tested electrochemically in 0.1 M KOH electrolyte solution using a standard 3-electrode

electrochemical cell, with NiO on carbon as the working electrode, a Pt counter electrode,
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and an Ag/AgCl reference electrode.

NiO+OH™ <— NiOOH + e~ (6.4)

Cyclic voltammetry (CV, working electrode current response vs. voltage) was per-
formed with a computer controlled Gamry potentiostat at different sweep rates in the
0-0.8 V potential window with respect to Ag/AgCl. The electrolyte was refreshed and
outgassed with Ny for each sample (i.e., NiO deposited with 100 ms vs. 500 ms chuck
rastering wait times) and the CV curves shown (see Figure were those taken after
at least 10 anodic-cathodic sweeps to stabilize the response. It should also be noted that
redox peaks tend to shift more positive/negative as sweep rate is increased and this is
thought to be due to fast ionic/electronic diffusion rates during the redox reactions made

possible due to high surface area and pore structure of nanomaterial electrodes [96].

6.3.3 Results and discussion

Figure shows several CV sweeps of NiO deposits on carbon from 0 - 0.8 V at
various voltage sweep rates ranging from 10-200 mV/s. Smaller NiO nanostructures
(panel(a)) were obtained with faster sample scanning (100 ms wait between moves),
and have higher current response than the larger structures deposited at slower chuck
scanning rates (panel(b), with 500 ms wait between moves). We also note a larger current

response for the anodic peak.
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Figure 6.11: Cyclic voltammograms of microplasma-deposited NiO on Toray carbon
fiber current collectors in 0.1M KOH electrolyte at various voltage sweep rates. The
structures in panels (a) and (b) were deposited with fast (100 ms wait) and slow
(500 ms wait) chuck scanning rates. CV curves represent the 10th. consecutive scan
obtained at each voltage sweep rate.

Large redox peaks associated with the Ni?* +— Nil* transition are clearly visibly
in the CV traces, indicating that the electrode behaves in a pseudocapacitive manner
to store charge, rather than acting as an EDLC, which would have a more square CV
hysteresis loop. Moreover, the smaller NiO structures obtained with fast chuck scanning,
clearly provide more redox active surface area for charge storage than the slow-scanned
sample, and (necessarily) much more area than the electrical double layer from Toray car-
bon paper itself. The specific capacity of the NiO on carbon composite pseudocapacitors

was calculated using the following:

1 Ve
C = AT /V a I(V)dV (6.5)

where m is the mass of the active electrode material (NiO), v is the potential scan rate,
and V, and V. are the voltage scan range (anodic to cathodic potentials), and (V') is the

response current as a function of voltage. Inductively coupled plasma-atomic emission
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spectroscopy (ICP-AES) was used to obtain an accurate value for the mass of NiO on
the electrodes. After CV testing, the NiO samples were dissolved in nitric acid, and
along with a dilution series of known Ni?* concentrations, were analyzed using a Thermo
iCAP6300 ICP-AES. Specifically, Ni lines at 216.56 nm, 221.65 nm, 231.60 nm, and
341.48 nm were used for quantification. The mass of NiO in the two samples in Figure
were determined to be 40 pg (sample (a)) 118 pg (sample (b)).

Using these values, we obtain the following results for specific capacity:

Sample 10 mV s! 200 mV s!

Small crystallites (a) 307 F g=! 9% F g !
Large crystallites (b) 117 F g1 33F g!

Table 6.2: Specific capacities calculated from cyclic voltammograms (Figure [6.11)) of
pseudocapacitive NiO and carbon fiber electrodes at potential sweep rates of 10 and
200 mV s 1.

As summarized in Table [6.2], we observe modest specific capacities for the NiO on
carbon electrodes, the largest being 307 F g~!, which is on par with values typically
reported for NiO, and corresponds to the electrode with smaller NiO crystallites. This is
suggestive that since redox chemistries are only surface reactions, material morphology
and surface area play a key role in determining device performance. It should also
be noted that the decrease in specific capacity with increasing voltage sweep rate is a
common observation and generally attributed to kinetic limitations of the electrolyte.

To conclude, we demonstrated the ability to directly deposit NiO nanostructures
of tunable dimensions on a carbon fiber paper current collector to fabricate composite
pseudocapacitor electrodes. Cyclic voltammetry in alkaline electrolyte showed that these
electrodes have reasonable specific capacitances, with the smaller, higher surface area

material outperforming the others at 307 F g~ at a voltage sweep rate of 10 mV s~
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6.4 Microplasma spray deposition of vertically-aligned
MnO; nanostructures for solid-state, planar mi-

crosupercapacitors

6.4.1 Introduction

Semiconducting and transition metal oxide nanowires and nanostructures have been
of great interest in the development of a wide range of sensing, energy storage, and energy
conversion technologies. However, integration of such nanostructures is inherently chal-
lenging, especially as the size of the device decreases. Localized and directed growth of
nanostructures (wires) is feasible via chemical vapor deposition (CVD) and vapor-liquid-
solid (VLS) epitaxy using a patterned catalyst, where structures only grown on the pat-
terned catalyst itself, or in combination with electrodeposition processes on conductive
patterns. However, CVD and VLS often require high temperatures, and electrodepo-
sition often yields materials with low crystallinity. Micro-patterning of nanostructures
grown via solvothermal methods also remains a challenge, as these generally require high
temperatures, surface directing agents, and post-synthesis calcination, none of which are
amenable to most foundry patterning techniques.

Interest in microscale patterning of semiconductor and transition metal oxide nanos-
tructures has increased over the last decade, largely driven by the desire to fabricate
microbatteries and microsupercapacitors for on-chip energy storage [100]. Several ap-
proaches exist to create these “micro” device structures, including inkjet and/or screen
printing of a nanopowder suspension, and electrophoretic deposition of a charged slurry
onto a patterned electrode. Unfortunately, these methods are low resolution and fre-
quently suffer from poor active layer adhesion. Other methods involve in situ synthesis

of the electrode active layer; for example, electodeposition of an active material onto a
101



MICROPLASMA-DEPOSITED MATERIALS FOR ELECTROCHEMICAL ENERGY STORAGE
CHAPTER 6

patterned electrode, and for EDLC-type microsupercapacitors, laser scribbing of pho-
toresist, which results in patterned areas of carbonaceous material. However, a general,
direct method for the deposition of pseudocapacitive materials (i.e., nanostructured tran-
sition metal oxides) that is compatible with foundry micropatterning techniques remains
a challenge.

Herein, we present an approach that utilizes standard photolithography techniques,
in combination with microplasma-based deposition of vertically-aligned nanostructures,
to create patterned features on micron length scales. This technique provides a general
route to nanostructure growth and has been previously reported in [47]. Most signifi-
cantly, we present a foundry-compatible technique for highly localized, fast deposition
and patterning of nanostructured materials for microscale device fabrication. This hy-
brid microplasma-foundry lithography method is used to fabricate a solid state MnO,
microsupercapacitor, with areal and volumetric capacitances of 600 uF cm~2 and 25 F

cm 3, respectively.

6.4.2 Experimental details

A combination of standard photolithography and microplasma-based deposition was
used to fabricate microsupercapacitor devices (see Figure . A negative resist, AZ
2020 nLOF was used for this process due to its relative thermal stability (up to 250 C).
Transparency photomasks of interdigitated electrodes with 50 pum thick “fingers” were
used (Figure . The negative resist was spun onto silicon substrates with a thermally
grown 250 nm oxide layer. The samples were exposed through the masks using an Karl
Suss MJB UV400 contact aligner and developed. The resulting photoresist features were
about 2 pm high. A 20 nm Cr adhesion layer was then ebeam evaporated through the

patterned photoresist, followed by deposition of 100 nm of Au to form electrical contacts.
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The active electrode material, namely NiO (as a test system) or MnOs, was then spray
deposited onto the photoresist/electrode patterns via microplasma jet, followed by liftoff

of the photoresist.

(a) 1x1 mm (b)

1.33mm OD

(c) 1 2 4 5
CEEEE Ty W ¥ o
oxide oxide oxide oxide oxide

Spin photoresist Expose and develop Ebeam Cr/Au pPlasma NiO Remove resist

Figure 6.12: (a,b) Photomasks of interdigitated electrode structures used to to fabri-
cate microsupercapacitors. The square electrode is 1x1 mm?, with 50 ym wide fingers
fanned out to large metal contact pads for testing. The electrode finger spacing is
also 50 pm. The circular electrode has an outer diameter of 1.33 mm and 50 ym wide
fingers. (c) Process flow developed to fabricate microsupercapacitor devices, which
combines standard microelectronics foundry techniques and microplasma jet spray
deposition.

NiO films were deposited using the aforementioned methods (see Chapter 2 and 4),
and vertically-aligned MnQO, structures were directly deposited onto the masked devices
using a manganese(II) hexafluoroacetylacetonate hydrate (Mn(hfac)s HyO) precursor.
The microplasma jet was run with 150 sccm Ar and 5 scem Oy with 12 Torr chamber
pressure. The Mn precursor was sublimed at 85 C and entrained in 40 sccm Ar and
injected directly into the plasma jet. The deposition substrate was raster scanned under

2

the jet over a 1x1 mm~ area in a serpentine pattern with 30 ms wait time between XY

stage motor movements, giving a total deposition time of 5 minutes. The deposits and
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resulting devices were imaged in an FEI XL30 SEM, and XRD was conducted on a larger
deposit using a PANalytical Empyrean diffractometer.

A polyvinyl alcohol/phosphoric acid mixture served as the gel electrolyte; 1.8g of
85wt% H3PO,4 and 1.5g of PVA were mixed in 15 mL of DI water and gently heating
until the PVA dissolved. This solution was allowed to cool and drop-cast onto the
device electrodes. Electrochemical testing of the devices was carried out on a computer

controlled Gamry Series G 300 potentiostat.

6.4.3 Results and discussion
Lithographically-patterned microplasma deposits

The lithography and deposition procedures were first debugged and optimized using
NiO, the results of which can be seen in Figure [6.13] Pattern transfer had high fidelity
and photoresist lift off was effective, leaving behind a 300 nm thick film of crystalline

NiO nanostructures with good adhesion on the circular interdigitated electrode pattern.

104



MICROPLASMA-DEPOSITED MATERIALS FOR ELECTROCHEMICAL ENERGY STORAGE
CHAPTER 6

Figure 6.13: SEMs of the photolithographic patterning of microplasma-deposited NiO
on Cr/Au electrodes at various magnifications.

As discussed in Chapter 3, since the gas temperature of the plasma jet is low, further
baking or damage to the photoresist pattern did not occur, allowing easy liftoff. Given
the height of the photoresist (2 pm) and slight undercut that is typical of negative
photoresists, small “wings” on the sides of the 50 pum electrode “fingers” are observed.
The process may be optimized to reduce these undesirable features by slightly decreasing

development time of the photoresist.
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Microplasma-based deposition of vertically-aligned MnQO, nanostructures

Vertically-aligned MnO, nanoblades were grown on a degenerately-doped Si wafer
substrate for the purpose of XRD, shown in Figure [6.14] Two clear reflections are ob-

served and correspond to either the S-MnO, or v-MnO, phases.

100 nm

(d) )

Pyrolusite (B) - P4p/mnm  Ramsdeliite (R) - Pnam a-MnO,

i N |
s
Z B-MnO,
Hollandite (a) - 14/m Intergrowth (y) - C2/m E
3\ . 7-MnO,
~
5

70 80 20 30 40 50 60 70 80
2 0 [degrees]

Layered (3) - R3m Spinel (A) - Fd3m 10 20 30 40 50
26(°)

Figure 6.14: (a) Side and (b,c) top views of vertically-aligned MnO2 nanostructures
directly spray deposited on Si substrate using the microplasma jet. (d,e) Crystal
structure and XRD patterns of various phases of MnOs. (f) XRD scan of the MnO»
film in (a-c), showing reflections that correspond to the known patterns in (e) for the
B6-MnO3 or v-MnO4 phases.

Then, having optimized the MnO, deposition process, the process flow depicted in
Figure [6.12] was repeated, but with MnO, as the active electrode material. After pho-
toresist liftoff, the microsupercapacitor was rinsed in DI water and dried. The phosphoric

acid gel electroylte was then drop-cast onto the electrodes. The resulting device is shown

in Figure [6.15]
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(@)

Interdigitated
electrodes

Contact ,
pads Wl

T

Solid electrolyte

Figure 6.15: A photograph of the finished, all solid-state device is shown in (a).
Micrographs of the electrodes and active electrode material are shown in (b-d).

Device characterization

Cyclic voltammetry was used to characterize the MnO, microsupercapacitor and is
similar to the process described in Section 6.2.3. The potential between the two electrodes
was ramped cyclically between 0 and 0.8 V at rates ranging from 10 mV s=! to 200 V
s71. The CV sweeps are shown in Figure m The expected electrochemical reaction

for MnOs in acidic electrolyte is as follows:

MnOy+ H" + e~ +— MnOOH (6.6)
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Similar to the behavior of RuO,, H' easily diffuses into the hydrated oxide structure,
resulting in high capacitance. As can be seen in Figure [6.16], the CV sweeps take on a
more capacitor-like appearance with more square hysteresis loops, in contrast to the more
battery-like behavior of NiO with well defined oxidation and reduction peaks. The MnO,
CV sweeps were integrated and treated according to Equation 6.5 to calculate specific
capacitance. However, instead of normalizing by mass, microsupercapacitor capacities
are generally normalized by active material area and volume. These values are calculated
and reported in Figure . At the lowest potential sweep rate (10 mV s™1), a volumetric
capacitance of 25 F ecm ™ and areal capacitance of 600 uF cm~2 were observed. The severe
drop-off in capacitance as the sweep rate is increased is similar to what was observed in
the NiO system in section 6.2.3; at higher scan rates, diffusion limited processes become
more apparent, which is especially true when using a gel electrolyte. Further work is
needed to optimize electrolyte properties. It should also be noted that a bare (no MnO,)
device of the same dimensions was also tested as a blank (Figure , triangle symbols),

and no capacitive effects were seen.
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Figure 6.16: Cyclic voltammograms of an MnOs microsupercapacitor at various volt-
age sweep rates. The calculated volumetric and areal capacitances are shown as a
function of the voltage scan rate in the lower panels. Data for a ”blank” device,
without the active MnO9 material present, is shown with triangle symbols.

6.4.4 Conclusion

A general technique for nanostructure deposition that is compatible with foundry
micropatterning techniques was developed and used to fabricate NiO and MnO, micro-

supercapacitors. The microplasma-based method allows for highly localized deposition

109



MICROPLASMA-DEPOSITED MATERIALS FOR ELECTROCHEMICAL ENERGY STORAGE
CHAPTER 6

of a nanomaterial through a photoresist pattern. Successful patterning of NiO vertically-
aligned nanostructures was also demonstrated. The process was repeated for the fabrica-
tion of a solid-state MnOy based microsupercapacitor. This miniaturized energy storage
device was tested using cyclic voltammetry and preformed well in terms of areal and
volumentric specific capacitances. Overall, microplasma-based deposition may provide
a way to directly deposit pseudocapacitive materials for the fabrication of micro-scale

energy storage devices.
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Chapter 7

Thesis summary

In this thesis, the design, construction, and characterization of a novel microplasma-
jet based deposition source were presented. Application of this new synthesis tool to
deposit nanostructured thin film materials, specifically for electrochemical energy storage
technologies, was highlighted.

Scientific and technological contributions to the field include:

e Details of how to construct a flow-through MHCD plasma source and deposition
system. Fluid mechanics and plasma physics associated with micro-hollow cathode

discharges (MHCDs) and their unique operational characteristics were presented.

e Demonstration of how optical emission spectroscopy (OES) and double Langmuir
probe (DLP) electrical characterization could be used to determine the rotational,
vibrational, and electron temperatures of the jet, allowing a deeper understanding

of the MHCD source.

e Demonstration of how the microplasma jet source can be used to deposit a wide

variety of nanostructured and mixed metal oxides on virtually any substrate, along
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with detailed materials characterization (e.g., SEM/TEM, XPS, CV) of the result-

ing films and their application to batteries.

e Showing how the electrical configuration of the plasma drive circuit and sample
(e.g., related to sample charging for conducting vs. insulating substrates and a
grounded vs. floating deposition chuck) insofar as they directly affect the resulting

film morphology, crystallinity, composition, and contamination.

e Combining microplasma jet deposition with standard microelectronics foundry tech-
niques to realize electrochemical energy storage devices, namely MnOs-based mi-

crosupercapacitors for on chip energy storage.

Overall, this general, direct, plasma-based deposition technique is relevant to a wide
range of current fields of research, as the ability to synthesize nanostructured materials,
as well as integrate them into larger systems, is fundamental to the development of next-
generation micro- and optoelectronic devices, sensors, and energy harvesting and storage

technologies.
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