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ABSTRACT

ELUCIDATING STRUCTURE-PROPERTY-PERFORMANCE RELATIONSHIPS OF
PLASMA MODIFIED TIN(IV) OXIDE NANOMATERIALS FOR ENHANCED GAS

SENSING APPLICATIONS

This dissertation examines structure-property-performance relationships of plasma
modified tin(IV) oxide (SnO2) nanomaterials to successfully and efficiently create sensitive
targeted gas sensors. Different project aspects include (1) materials characterization before and
after plasma modification, (2) plasma diagnostics with and without a SnO2 nanomaterial, (3)
sensor performance testing, and ultimately (4) elucidation of gas-surface relationships during this
project. The research presented herein focuses on a holistic approach to addressing current
limitations in gas sensors to produce desired capabilities for a given sensing application.

Strategic application of an array of complementary imaging and diffraction techniques is
critical to determine accurate structural information of nanomaterials, especially when also
seeking to elucidate structure-property relationships and their effects on performance in specific
applications such as gas sensors. In this work, SnO2 nanowires and nanobrushes grown via
chemical vapor deposition (CVD) displayed the same tetragonal SnO: structure as revealed via
powder X-ray diffraction (PXRD) bulk crystallinity data. Additional characterization using a
range of electron microscopy imaging and diffraction techniques, however, revealed important
structure and morphology distinctions between the nanomaterials. Tailoring scanning
transmission electron microscopy (STEM) modes and combining these data with transmission

electron backscatter diffraction (t-EBSD) techniques afforded a more detailed view of the SnO2
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nanostructures. Indeed, upon deeper analysis of individual wires and brushes, we discovered that
despite a similar bulk structure, wires and brushes grew with different crystal faces and lattice
spacings. Had we not utilized multiple STEM diffraction modes in conjunction with t-EBSD,
differences in orientation related to bristle density would have been overlooked. Thus, it is only
through methodical combination of several analysis techniques that precise structural
information can be reliably obtained.

To begin considering what additional features can affect gas sensing capabilities, we
needed to understand the driving force behind SnO2 sensors. SnO2 operates widely as a gas
sensor for a variety of molecules via a mechanism that relies on interactions with adsorbed
oxygen. To enhance these interactions by increasing surface oxygen vacancies, commercial
SnOz2 nanoparticles and CVD-grown SnO2 nanowires were plasma modified by Ar/O2 and H2O)
plasmas. Scanning electron microscopy (SEM) revealed changes in nanomaterial morphology
between pre- and post-plasma treatment using H20 plasma treatments but not when using Ar/O2
plasmas. PXRD patterns of the bulk SnO2 showed the Sn**is reduced by H20 and not Ar/O2
plasma treatments. X-ray photoelectron spectroscopy (XPS) indicated Ar/O2 plasma treatment
increases oxygen adsorption with increasing plasma power and treatment time, without changing
Sn oxidation. With the lowest plasma powers and treatment times, however, H2O plasma
treatment results in nearly complete bulk Sn reduction. Although both plasma systems increased
oxygen adsorption over the untreated (UT) materials, there were clear differences in the tin and
oxygen species as well as morphological variations upon plasma treatment.

Given that H2O plasma modification of SnO2 nanomaterials resulted in reduction of Sn**
to Sn’, this phenomenon was further explored. To develop a deeper understanding of the

mechanism for this behavior, gas-phase species were detected via optical emission spectroscopy
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(OES) during H20 plasma processing (nominally an oxidizing environment), both with and
without SnO2 substrates in the reactor. Gas-phase species were also detected in the reducing
environment of H2 plasmas, which provided a comparative system without oxygen. Sn* and
OH* appear in the gas phase in both plasma systems when SnO2 nanowire or nanoparticle
substrates are present, indicative of SnO2 etching. Furthermore, H2 and H20 plasmas reduced
the Sn in both nanomaterial morphologies. Differences in H* and OH* emission intensities as a
function of plasma parameters show that plasma species interact differently with the two SnO2
morphologies. The H2O plasma gas-phase studies found that under most plasma parameters the
ratio of reducing to oxidizing gas-phase species was >1.

The final consideration in our holistic approach relied on sensor performance studies of
SnO2 nanomaterials. Resistance was recorded as a function temperature for UT, Ar/O2 and H20
plasma treated nanoparticles and nanowires exposed to air, carbon monoxide (CO), or benzene
(CeHs). Resistance data were then used to calculate sensor response (Rair/Rgas) and sensitivity
(Rair/Rgas > 1 or Rgas/Rair > 1). Specifically, Ar/O2 and H20 plasma modification increase CO and
CeHs sensitivity under certain conditions, but H20O plasma was more successful at increasing
sensitivity over a wider range of plasma parameters. In particular, certain H2O plasma
conditions resulted in increased sensitivity over the UT nanomaterials at 25 and 50 °C. Overall,
H>0 plasma appears to be more effective at increasing sensitivity than Ar/O2 plasma.
Furthermore, although certain treatments and temperatures for nanoparticles had greater CO or
CeHs sensitivity than nanowires, nanowire sensitivity was less temperature dependent than
nanoparticle sensitivity. Prior materials characterization data were combined with resistance
data to elucidate specific structure-property-performance relationships for the different UT and

plasma treated materials.
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CHAPTER 1

INTRODUCTION

This chapter provides information on the premise behind the work detailed in this
dissertation including motivations for complete understanding of the process of plasma
modification of SnO2 nanomaterials for gas sensing applications. Most notably, this chapter
conveys the necessity of combining comprehensive materials characterization, plasma
diagnostics, and sensor performance testing to efficiently relate material structure and properties,
as well as gas-phase plasma species with sensor performance. This inclusive combination of
analyses expedites progress toward selecting materials and plasma systems to create sensors for
targeted gas detection applications. The chapter concludes with an overview of the research

presented in the remainder of this dissertation.

1.1. Motivation and foundation of research

1.1.1. Need for sensitive andesgive gas detectiornThe increasing amount of energy
produced and consumed worldwide has caused excessive emission of toxic gaseous species,
negatively impacting human health and well-being.!* Nitrogen oxides, benzene, and
formaldehyde are just a few examples of gases that can result in immediate and long-term health
problems.* To monitor such toxic gases, a large body of research has focused on developing
sensitive and selective gas sensors.! Nevertheless, there remains room for further improvement
as commercially available sensors have significant limitations. For example, most lack the
sensitivity to detect analytes at concentrations below relevant toxicity levels, and often require

high operating temperatures (100-500 °C) to achieve the necessary sensitivity with sufficiently



rapid response (ms to s).!* Such high operating temperatures limit the lifetime of many sensors
(anywhere from a few months to a couple of years), because of the wear on the materials
resulting from the power consumption required for temperature maintenance.!* Additionally,
the accuracy of many commercial sensors is affected by the presence of interfering species,
which decrease selectivity. For example, co-adsorption of both CO and NO can occur on an
oxidized SnO:z2 surface, ultimately resulting in a less reliable sensitivity reading for either CO or
NO.?

1.1.2. Promising sensor materialan active area of sensor research from which many
commercial sensors arise focuses on metal oxide (MO) materials. These materials have
numerous assets for sensing applications, including their capabilities as semiconductors in
electronics.> ¢ Indeed, many semiconductor MO-based sensors utilize thin films to exploit their
conductivity and surface-gas interactions by monitoring gases via changes in resistance resulting
from interactions between gases and oxygen adsorbed to the material surfaces.> ¢ In particular,
SnO: has been used extensively because of tin’s dual valency (i.e., Sn*" and Sn?"), which
provides more diverse surface chemistry than monovalent MO. This allows for greater material
tunability, often resulting in SnO:2 being a more sensitive and selective gas sensor than other
MO.”-8 Markedly, it is necessary to monitor the tin oxidation state, as sensitivity and selectivity
of particular gases can drop drastically with increased tin reduction.’ Although improved over
other MO, unmodified SnOz in its simplest thin film variation has several limitations, most
notably its low surface area available for interaction with gases. The SnO2 sensing mechanism is
driven by interactions with surface adsorbed oxygen, whereby adsorbing oxygen in ambient
atmosphere creates a base resistance of the material. Deviations from this base resistance with

addition of a target gas can determine material sensitivity toward the given target gas.® 1% 11



Thus, maximizing surface area is critical to increasing oxygen adsorption and thereby gas-
surface interactions leading to improved SnO2 sensor sensitivity.

1.1.3. Improving on a longstanding materi®ecent work on SnO2 materials with
greater surface area includes studies aimed at fabricating doped and composite SnO2 thin films,
nanoplates, nanoparticles, nanowires, and porous nanofoams.'*'® Although doping SnO> with
precious metals (i.e., Pd, Pt) can increase SnO2 material sensitivity, dopants increase the cost of
the sensors and have limited tunability.!”?® Creating sensors from nanomaterials that produce
more three dimensional (3D) networks can expand the available surface area for gas surface
interactions while maintaining a connected network for measuring resistance changes in the
presence of different gases. Furthermore, nanomaterial morphology can be fine-tuned to alter
surface area.

Although these nano-structured materials increase sensitivity over SnOz thin films
through increased gas-surface interactions, detection below known/reported gas toxicity levels
has yet to be achieved for many sensors, especially at room temperature.” 22> The higher
temperatures (~300°C) required for most sensors to have sufficient sensitivity toward certain
gases largely results from the different adsorbed oxygen species present on the SnO2 surface at
different temperatures. Specifically, at temperatures <150 °C, physisorbed Oz is the primary
surface species; <300 °C, the O2™ anion is observed; <600 °C, surface oxygen primarily takes the
form of O7; and >600°C, O*” is the primary surface species observed.® %! Given that gas-phase
species (e.g., CO, NO) are more likely to interact with O™ ad) or O? aa), it is understandable to
observe higher sensitivity at temperatures 300 °C to 600 °C.% 2324

Aside from maximizing surface area and doping, an additional method of creating

materials with increased surface-gas interactions entails surface modification to alter surface



chemistry, as well as morphology. Some potential methods of surface modification include dip
coating, grafting, dopant addition, polymeric nanocomposites, and plasma treatment.?>-’
Although facile processes, dip coating and grafting are more effective at modifying entire
polymer constructs than surfaces alone. Furthermore, these methodologies often have less
precision of the resulting surface modification. Dopant addition and polymeric nanocomposites
are fabrication-based modification techniques versus surface modification methods, that can
address sensor limitations, but often with limited control. Plasma surface modification is the
method most equipped to controllably tailor surface or bulk properties. Plasmas contain a
variety of reactive (i.e., electrons, ions, radicals), neutral atomic, and molecular species which
can be tuned by changing plasma parameters including applied power, system pressure,
precursor gas type and flow rate, as well as substrate location with the plasma.?® The wide range
of species present within plasmas are capable of creating numerous potential reactions at
surfaces. Thus, the expansive parameter space of plasmas allows for significant control over
surface reactions, and thus, the modification process.”?>?° Furthermore, in many instances, can
reproducibly and uniformly tune surface properties that is not always possible with alternative
modification techniques (e.g., dopants).

1.1.4. Underutilized surface modificatietrategy for sensor material®lasma
modification is often used as a tool in industrial and academic settings to fabricate or modify
materials for a wide array of applications, including growing nanomaterials for use in the
semiconductor industry, polymer surface functionalization for biomedical devices, and coatings
for a variety of commercially available products among others.***? For instance, water vapor,
fluorocarbon-based precursors, as well as co-polymerization systems using allylamine and

allylalcohol have been used to plasma modify polymer materials to control biological



interactions.®!>3*3* Additional plasmas ignited from precursor gases such as Ar/CHa, Ar/Cl, and
O2 are routinely used for etching surfaces in the semiconductor industry.>> 3¢ Although plasma

surface modification is not a new methodology,*’*

it is severely underutilized as a tool for
sensor material modification. Indeed, it has only been in the last decade that interest has grown
in plasma treatment of sensor materials including using Ar/Oz, Hz2, Oz, and N2 plasmas to modify

9:22.40.41 plasma surface modification.” *** Ar/O;

SnO:2 materials with the main focus on Ar/O2
is an oxidizing plasma that creates surface oxygen vacancies in SnO2 materials under certain
plasma parameters, which increases oxygen adsorption and thus sensitivity in many cases.
Although other plasmas have been used to functionalize SnO: surfaces, such as those listed
above, the sensor field has not begun to approach the full utility of plasma modification.
Furthermore, those that employ plasma treatments in sensor fabrication rarely report on plasma
chemistry or plasma-surface interactions during the modification process. It is not uncommon to
find studies that use plasmas merely as a tool to modify materials to achieve desired sensor
performance. Such studies often lack understanding of how the plasma modification process is
resulting in such properties.

1.1.5. Exploring plasma-surface interactiorfdasma diagnostic techniques are often
used to determine plasma species densities, kinetics, energetics, and end-point detection in
etching systems.*>*® Diagnostic techniques include, but are not limited to, Langmuir probes,
Broadband Absorption Spectroscopy, Laser Induced Fluorescence, and Optical Emission
Spectroscopy.*-3? OES is most commonly used for measurement of plasma species densities
and determining plasma temperatures without disrupting the plasma. Using a technique that

doesn’t alter the plasma is particularly important when attempting to elucidate the effects of

adding a substrate to a plasma system.



It is well-known that plasma treatment of materials can change material structure,
chemistry, and morphology. Plasma diagnostic studies as a function of substrate presence and
type, as well as plasma parameters, indicate that different materials within a plasma can also
affect internal temperatures (i.e., rotational (Tr) and vibrational (Tv)) and electrical profiles of
plasmas.>®>* Nui et al.used OES to analyze different NO-containing plasmas to determine the
effect of a Co-ZSM-5 packed catalyst. Using the collected spectra, they were able to calculate
Tr(N2) and Tv(N2), which showed an increase in TR(N2) and a decrease in Tv(N2) with the
addition of the catalyst.>* Such changes in temperature indicate that the presence of a substrate
in a plasma can alter plasma energetics. Ultimately, this can result in different plasma
modification of the material than initially expected from plasma analysis without a substrate.

With the limited studies on plasma modification of SnO2 nanomaterials there are no
studies that observe the effect of the plasma on the materials as well as the effect of the material
on the plasma bulk. To examine how SnO2 nanomaterials interact with plasma systems, changes
in plasma species densities and plasma temperatures can be determined using OES as a function
of nanomaterial presence. Combining these data with materials characterization can then be
utilized to gain knowledge of plasma modification mechanisms of different plasma systems and
nanomaterials.

1.1.6. Bridging the gaps in an incomplstery for optimal sensor creatiorMore
broadly, there is a lack of fundamental understanding regarding the relationships between sensor
fabrication, modification, and performance testing. To make advancements toward choosing
materials and plasma systems for sensitive targeted gas detection, it is necessary to 1)
comprehensively characterize materials’ structure and properties pre- and post- plasma

treatment, 2) characterize the plasma during the surface modification process, and 3)



systematically test sensor performance. This experimental methodology provides the ability to
relate a) material structure and properties, b) specific plasma species and parameters, and c)
sensor performance. As studies begin to relate all of these features during sensor design, a
comprehensive library can be formed to aid in effective selection of optimum conditions for
generating sensitive and selective gas sensors. Thus, it is through this study on plasma modified
SnO:2 nanomaterials that we have made progress toward addressing gaps in understanding the

effects of material properties and plasma parameters on sensor performance.

1.2. Overview of Research

This dissertation explores the sensor development process from fabrication of the sensing
materials, to comprehensive materials characterization, to gas-phase plasma diagnostic studies,
to application-based sensor performance experiments. Through this process we gain
understanding of how SnO2 nanomaterials are modified under specific plasma conditions. This
knowledge will allow us to design and fabricate more sensitive and selective gas sensors.
Chapter 2 details methods and materials used for nanomaterial growth and fabrication
procedures, plasma modification, diagnostic, and sensor performance testing conditions, in
addition to instrumental and software parameters for all research presented in Chapters 3-7.

Results from a variety of materials characterization techniques presented in Chapter 3
provide substantial information on SnO2 nanomaterial structure and properties, specifically for
CVD-grown SnO2 nanowires and nanobrushes. All materials were evaluated via SEM to discern
morphology differences. Additionally, a variety of analytical tools were used to collect
diffraction-based data on SnO2 nanowires and nanobrushes with a large emphasis on

understanding differences in structure of nanowires and nanobrushes grown via the same CVD



process under varied growth parameters. PXRD was used to determine bulk crystallinity of all
materials, whereas high-resolution STEM (HR-STEM) and t-EBSD were used to determine
growth facets and other structural aspects of nanowires and nanobrushes.

Given that SnO: functions as a gas sensor through resistance changes as a result of
atmospheric gases interacting with surface adsorbed oxygen, we focused our initial modification
studies on plasma precursors known for increasing oxygen vacancies. Specifically, Ar/O2 was
chosen both for this reason and for direct comparison to the literature.” > Chapter 4 describes
the optimization process of using an Ar/Oz plasma to achieve surface modification of SnO2
nanowires and nanoparticles. Nanowires and nanoparticles were chosen for plasma modification
studies because of their dramatic differences in morphology. Material analysis was completed
pre-and post-plasma treatment including SEM for morphology, PXRD for bulk structure and
XPS to analyze surface chemistry. We also chose another system known for increasing surface
oxygen content, H2O) plasmas.*>>® Interestingly, we found H20 plasma treatments had
unexpected results; instead of oxidizing the SnO2 nanowires and nanoparticles, Sn was reduced
to such a degree that material morphology post-plasma modification was radically altered with
very little lattice or surface-adsorbed oxygen remaining after treatment. The structure and
surface data gained from these analyses are later explored in Chapter 6/7 to determine structure-
property-performance relationships of SnO2 sensors.

To determine why a typically oxidizing plasma system reduced the SnO2 nanomaterials
as described above, Chapter 5 describes OES experiments used to detect plasma species within
the H20 plasma system with and without SnO2 nanomaterial substrates. Furthermore, because of

59, 60

the well-known reducing nature of a Hz plasma, similar studies were completed for a H>

plasma system for comparison to the H20 plasma treatments. Through plasma diagnostic



techniques, we determined which plasma species were produced in a plasma under the treatment
conditions used. We were thus able to identify when a H20 plasma would oxidize or reduce
SnO:2 nanomaterials as a result of the species present in the plasma. These studies also allowed
us to calculate Tr and Tv as a result of plasma parameters and substrate presence.

To determine the efficacy of the unmodified and plasma modified SnO2 nanomaterials in
gas sensing applications, it was necessary to first design and build a gas sensing system and
sensor fabrication methodology, which were then used to optimize data collection for testing
sensor performance. Chapter 6 details this design optimization process in addition to the data
analysis methodology ultimately chosen for evaluating sensor performance. Specific
performance tests are described in Chapter 7 for UT SnO2 nanowire and nanoparticle sensors, as
well as for sensors produced from Ar/Oz and H20 plasma modified materials. All sensors were
tested for sensitivity toward carbon monoxide and benzene through exposure to the gases over a
range of temperatures between 25 and 300 °C. Temperature dependence on sensor response of
the different UT, Ar/O2 and H20 plasma treated nanoparticles and nanowires are explored.
Sensitivity is considered in conjunction with the corresponding materials properties to elucidate
optimum materials properties, plasma conditions, and temperatures for maximum carbon
monoxide and benzene sensitivity. In particular, specific plasma parameters and material
properties that resulted in the greatest increase in sensitivity over the sensitivity of untreated
materials at room temperature varied dramatically as a function of plasma power and precursor
for the different target gases.

Chapter 8 provides a summary of this dissertation research and the broader impacts that
the knowledge gained from these studies may have on the sensor field. Some additional avenues

of preliminary study are also included for their impact on expanding our understanding of



structure-property-performance relationships of sensor materials. In particular, issues and future
directions associated with sensitivity and selectivity are explored. Future directions and studies
that build on the work presented within this dissertation are proposed to address remaining gaps

and limitations of the sensor field.
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CHAPTER 2

EXPERIMENTAL METHODS

This chapter describes the materials, methods, and techniques necessary to complete this
dissertation work. Many of these methods can be found in published work as reported in Ch.3-7
and are reported here with the consent of the respective publishers.!:? The information is
presented in sections to introduce how to fabricate SnO2 nanomaterials (2.1), characterize the
surface and materials properties (2.2), plasma modify materials (2.3), diagnose the gas-phase
(2.4), and test the sensing performance of the modified and unmodified SnO2 nanomaterials
(2.5). Funding for this research was provided by the National Science Foundation (CHE-

1152963).

2.1. Nanomaterial growth and fabrication

2.1.1. Chemical vapor depositiofinanowires and nanobrusheall SnO: materials
were grown or supported on zirconia (ZrOz) wafers (50 nm ZrO2 on n-type 100 Si wafer,
BioStar). Note that ZrO2 was used in place of SiO2 or Al20s3 as it can also withstand the elevated
temperatures often necessary for sensing. Additionally, with a higher electrical resistivity and
dielectric constant, ZrO2 may allow for observing smaller changes in resistance and thus
contribute to developing a more sensitive gas sensor. ZrO:z wafers were sputter coated with 5 nm
Au (Denton Vacuum Desk II 100 mTorr, 30 mAmps, sputtered 16 s) and annealed in a
Thermolyne 1300 furnace at 700 °C for 60 min to create Au nanoparticles. The CVD reactor
was designed in house, based on a standard hot-wall CVD reactor system, Figure 2.1.> The ZrO>

wafers with Au nanoparticles were placed in the center of the first heated region in the CVD
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Figure 2.1. Schematic diagram of the hot-wall CVD reactor containing two heating regions
where temperature is measured by a K-type thermocouple. Substrates were placed in the heated
region nearest the Sn(BuOt)4 precursor and the system kept under vacuum.
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reactor nearest the precursor inlet (the second heater was not used for these studies). The
precursor, tin (IV) tert-butoxide (Sn(O'Bu)4) >99.99% trace metals basis (Aldrich) used as
received, was contained in a Schlenk flask with molecular sieves and heated to 45-55 °C to
increase vapor pressure. Precursor flow resulted in a constant pressure of ~200 mTorr. The
substrate region was heated to 700 °C for nanowires and 625-650 °C for nanobrushes with three
wafers placed lengthwise, equally spaced, in the center of the heated region. For OES studies, a
single elongated wafer was placed lengthwise in the heated region. Temperatures were
controlled via a K-type thermocouple and proportional-integral-derivative (PID) temperature
controller. To measure the temperature gradient in the reactor, the temperature in the center of
the heated region was held at 700 °C and temperatures were recorded at ~1 cm increments across
the heated range of the reactor. This yielded measurements of 510 °C, 675 °C, 700 °C, 715 °C,
and 612 °C, as a function of distance from the gas inlet. The process to achieve nanowire growth
involved evacuating the reactor to base pressure while heating to the desired temperature over
30 min; heating the substrates and exposing them to the precursor for 20-45 min; stopping the
flow of precursor and pumping it out of the system while the substrates were heated for an
additional 10 min; and cooling the substrates under vacuum for 15 min.

2.1.2. Nanoparticle preparationCommercial SnO2 nanoparticles (<100nm, Aldrich)
were suspended in methanol to either create a paste which was spread over ZrO: wafers or as a
solution that was spin coated over ZrO: wafers and left to dry overnight under ambient
conditions. Spin-coating resulted in the most uniform nanoparticle surface compared to drop-
casting and spreading a paste as slight variations in the thickness of the supported nanoparticles
resulted in large variations in surface compositions after plasma treatment. Thus, this was the

method employed for the majority of the data presented here.
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2.1.3. Sensor fabricatiortland assembled sensors were fabricated by attaching silver
wire as electrodes (~1 cm in length, 0.25 mm diameter, 99% Sigma Aldrich) to the SnO2
substrates described in the prior sections with enough silver conductive paste (Sigma Aldrich) to
cover the end of the electrode (~1-2 mm in diameter) as indicated in the Figure 6.5 (Chapter 6).
The paste was cured by heating the substrates at 120 °C for 1 hour in an alumina tray. Sensors

were cooled to room temperature prior to use in performance tests.

2.2. Materialscharacterization and simulation methods and instrumentation

2.2.1. Scanning Electron Microscopy/Energgmairsive X-ray Spectroscopy (EDS).
SEM images were collected to observe the approximate size of Au nanoparticles after annealing,
as well as UT and plasma treated SnO2 nanoparticles, nanowires, and nanobrushes. All samples
were analyzed with a JEOL JSM-6500F instrument, equipped with a field emission source. A
15 kV electron beam accelerating voltage at 10.0 mm working distance was used. SEM tandem
EDS (30 kV accelerating voltage) with a 60 mm silicon drift detector (EDAX) was used to
determine chemical composition to confirm deposition of SnO2, regardless of the resulting
morphology.

2.2.2. X-ray Photoelectron Spectroscop§PS was performed on SnO2 nanoparticle,
nanowire, and nanobrush samples prior to and after plasma treatment using a PHI-5800 ESCA
system with an Al Ko monochromatic X-ray source with a 45° takeoff angle. High resolution
spectra were collected in triplicate for gold (Auas), tin (Snsd), and oxygen (Ois). Although the
binding environments of tin and oxygen were of particular interest for observing changes from
pre-plasma treatment to post-plasma treatment, gold spectra were collected to allow for charge

correction by setting the Au 4f72 component to 84.0 eV.* As such, it was necessary to sputter-
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coat nanoparticle samples with ~1 nm Au prior to analysis, as there was no gold used in their
synthesis. An XPS control experiment of treated nanoparticles without the 1 nm Au coating
showed no apparent differences in the spectra compared to those with the Au coating. Multipak
v6.1A and CasaXPS v2.3.16 PR 1.6 were used to determine elemental compositions, and
XPSPeak v4.1 and CasaXPS v2.3.16 PR 1.6 were used to analyze specific binding information
for the Sn3q and O1s high resolution spectra. Oxygen peaks were fit with a Shirley background,
whereas tin and gold peaks were fit with a Tougaard background.>® All Sn3q peak fits were
allowed to vary from 100% Gaussian fittings. Chemical identifications were determined through
comparison with the literature in conjunction with PXRD patterns.””

2.2.3. Powder X-ray DiffractionPXRD patterns were collected to determine average
SnO:2 material crystallinity and as an additional method of determining the different tin species
present in the SnO2 samples before and after plasma treatment. Patterns were collected on a
Scintag X-2 with a Cu Kqradiation source using a 2theta scan from 20° to 80° at intervals of
0.02° with scans of 1 step/sec. Patterns were acquired for UT nanoparticles on zero diffraction
plates; UT nanoparticles, nanowires, and nanobrushes on ZrOz; and treated nanoparticles and
nanowires on ZrOz. A pattern was also collected for ZrO2 and ZrO: annealed with Au for aid in
matching sample patterns with the International Centre for Diffraction Data (ICDD) pattern
database. Pattern intensities were multiplied by 5 to increase peak signals for easier pattern
characterization.

2.2.4. Transmission Electron Backscaféfraction and Transmission Electron
Microscopy sample preparatiorSpecimens for t-EBSD and TEM were prepared by brushing
the carbon side of a 200 mesh copper grid with a carbon film across the surface of a

nanowire/nanobrush sample. Hundreds of wires or brushes were captured and adhered to the

19



carbon film through this process. A single tilt TEM holder was customized to easily transfer
samples between the SEM and TEM microscopes. Nanowire and nanobrush samples were
analyzed in the TEM using both the modified single tilt and double tilt holder (JEOL).

2.2.5. Transmission Electron Backscatter Diffractiddl samples were analyzed with a
JEOL JSM-6500F, equipped with a field emission source and a Hikari camera (EDAX) with a
60 mm? octane silicon drift detector (EDAX). Transmission data were collected using a 20 kV
electron beam accelerating voltage, with most patterns collected at 2x2 binning. The sample
holder (described above) was placed perpendicularly into the sample stage, where the stage was
tilted 65° above the horizontal. This positioned the sample 10 or 15 mm from the detector (held
-5° from the horizontal) tilted at 25° above the horizontal. The length of wires and brushes were
scanned, collecting diffraction patterns which were individually indexed to reveal the crystal
structure for the entire wire or brush. t-EBSD data were collected and analyzed using EDAX
Orientation Imaging Microscopy (OIM) data collection and analysis software (v7 2004).

2.2.6. TEM/STEM/HRTEM/STEM#{action Imaging (STEM-DI).These studies used
a JEOL-JEM-2100F with 200 kV accelerating voltage (emission = 150 pA), equipped with an
ultra-high resolution objective lens pole piece and an Oxford Instruments X-MAX 80 Silicon
Drift Detector. A double tilt holder was necessary for orienting a wire/brush to achieve
orientation along a zone axis (ZA) for HRTEM imaging and STEM-DI diffraction. STEM-DI is
a software attachment (Gatan) for the TEM which allows for customizable spatial resolution
imaging in conjunction with the acquisition of the associated diffraction pattern. This process
utilizes 4D microscopy where a 2D image is collected and used to detect a 2D diffraction pattern.
STEM-DI collected for this study approached pseudo parallel illumination convergent beam

electron diffraction (CBED) patterns where diffraction spot resolution approached 2 mrads
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(verified in Digital Micrograph®). This resolution was achieved with a 10 um condenser
aperture combined with special optics to narrow the incidence beam thereby reducing the
incidence angle, while utilizing a 10 cm camera length.

CBED patterns collected for fitting Kikuchi lines with EDAX t-EBSD software were
collected via STEM-DI with a 30 pm condenser aperture which allowed for sampling 40-

50 mrads of reciprocal space. This resulted in imaging off of the ZA, allowing for observation of
multiple poles with Kikuchi lines present for fittings that had higher precision symmetry.
STEM-HR selective area electron diffraction (STEM-HRSAED) and nano-beam electron
diffraction (STEM-HRNBED) were collected using the 10 pm condenser aperture without
finding the zone axis, using a point and shoot method of selecting a random spot to collect an
image and diffraction pattern. Digital Micrograph® software v2-3 (Gatan inc.) were used for
data analysis.

2.2.7. Crystal Maker® software (v9.2.Qrystal Diffract v6.5.5 and Single Crystal
v2.3.3 software were used for simulating SnO2 nanowire and nanobrush structure and diffraction.
A ball and stick model of SnO2 (2104754 from database) was transformed to a single crystal
diffraction pattern in Crystal Maker using lattice constants a =b = 0.474 nm and ¢ = 0.319 nm.
The pattern was then rotated roughly 10° to match the experimental diffraction pattern collected
via STEM-DI. The original SnO2 modelled structure was then expanded to create a lattice

model.

2.3. Plasmareactor design.
2.3.1. General reactor desigisnO2 nanomaterials were plasma treated in a glass

tubular reactor with an inductively coupled radio frequency (rf) plasma generated by an

21



Advanced Energy MFX600 rf power supply operating at 13.56 MHz, previously described.!%!
Substrates were placed in the center of the eight-turn nickel-plated copper coil region and the
reactor was pumped to base pressure (5-10 mTorr) for ~10 min.

2.3.2. Selective plasma etchingdfieasing oxygen adsorption) A@nd HO. For
Ar/O2 plasma treatments, the gas flow rates were 10 and 15 sccm (1:1), respectively, resulting in
a steady-state total system pressure of 145 mTorr after 5 min of gas flow (no plasma).
Nanomaterials were treated for 5 min with a 30, 60, 100, or 150 W continuous wave (CW)
plasma as well as for 10 and 30 min with a 150 W CW plasma. After treatment, gas flow over
the substrates was allowed for 5 min to limit reactions with the atmosphere upon removal from
the reactor. The same total pressure, treatment times, and applied rf power (P) were used with
H20 plasmas.

2.3.3. i and HO plasma modification for plasma diagnostic studisO2 nanowires
and nanoparticles were plasma treated in the reactor described in Section 2.3.1. Substrates were
placed lengthwise on a glass slide in the center of the eight-turn nickel-plated copper coil region
parallel to/in line with the quartz window (Figure 2.2) and the reactor was evacuated to base
pressure (5-10 mTorr) for ~10 min. H2 gas (Airgas, 99.9%) or Millipore water vapor were
introduced into the reactor using either a mass flow controller (MKS) or a side-arm flask via
needle metering valve, respectively. Steady-state total system pressure was maintained at
80 mTorr with ~10% Ar by partial pressure after 5 min of gas flow (no plasma). Nanomaterials
were treated for 5 min with CW plasmas at P =30, 60, 100, or 150 W. Precursor gas flow over
the substrate continued for 5 min after plasma treatment to limit reactions with the atmosphere

upon removal from the reactor. Note, Ar/O2, H20, and Hz plasma treated nanoparticles and

22



Il . Il

<€— Quartz Windows —>
26.5cm
e (]

Gas Inlet Substrate on

\L glass slide
| N 3%

Matching 1[:{;12‘5; MHz
Network gwer ‘
Generator

Capacitance
Manometer

Mechanical | ¢
Pump &

Figure 2.2. Schematic of an inductively coupled plasma reactor with quartz window in the
center of the coil region and a second quartz window 26.5 cm downstream. Gas-phase species
were detected at both quartz windows with substrates placed in the center of the coil parallel with
the quartz window inlet to observe species downstream of the substrate.
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nanowires will be described hereafter by the plasma precursor and NP (nanoparticles) or NW

(nanowires); for example, Ar/O2 plasma-treated nanoparticles would be Ar/O2 NP.

2.4. Plasma diagnostic instrumentation and methods.

Emission spectra were collected for gas-phase H2 and H20 plasma species utilizing the
same plasma modification conditions described in Section 2.3.3." Two replaceable fused quartz
windows were incorporated into the general reactor design for OES analysis, Figure 2.2. One
window was placed on the inlet half of the reactor to collect cross-sectional emission signal in
the center of the coil region and was aligned with substrate location. The second window was
placed 26.5 cm downstream from the center of the coil (first quartz window) to evaluate the
plasma afterglow. Unlike emission spectra collected in the coil, downstream spectra were only
collected for P =60 and 150 W treatments of nanoparticles to provide data at the low and high
ends of the rf power range used here. Emission was collected via an Avantes AvaSpec-3648-
USB2-RM multichannel spectrometer imaging onto a 10 um entrance slit through a cable
containing four optical fibers. Four fiber gratings and 3648-pixel charge-coupled array detectors
allowed for detection over the wavelength range of 187-1016 nm with a 0.1 nm FWHM
resolution. Spectra were collected with 50 ms integration time and 600 averages.
Background/dark spectra were collected during the initial 5 min gas flow (e.g., before plasma
ignition) and emission spectra were collected for the entire 5 min plasma treatment described in
Section 2.3.3. Emission signals of interest arise from excited state atomic hydrogen (H*,

656 nm), hydrogen (H2*, 601 nm), hydroxyl radical (OH*, 309 nm), atomic tin (Sn*, 243 nm),
and argon (Ar*, 750 nm).!3"!5 For species comparison, actinometric intensity ratios for excited

state species were calculated, described throughout as In/Iar, lon/Iar, Isn/Iar, and In2/Iar where the
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given ratios are proportional to excited state species densities or concentrations (described herein
as [gas species of intergst®!® Rotational temperatures for OH* radicals were calculated using
LIFBASE software by fitting experimental emission spectra with simulated emission spectra of
the OH(A-X) radical emission band from 306-325 nm.!%2° All rotational temperatures reported
are based on these simulations where peak correlations are >0.9. Vibrational temperatures were
calculated from vibrational populations and spectroscopic constants determined using
LIFBASE.?! Percent (relative) uncertainty was calculated from the standard deviation of 3 or
more experimental trials. There is also uncertainty associated with the spectral fits themselves,
namely 10% uncertainty with peak correlations >0.9 for all H20O plasma fits and 15-30%
uncertainty with peak correlations 0.7-0.85 for all H2 plasma fits. Error was thus reported herein
as the larger of the uncertainty values to indicate whether there was greater error dependence on

experimental factors or spectral fits for temperatures under specific plasma conditions.

2.5. Gassensing system and resistance measur ements

A home-built gas sensing system was constructed to monitor and collect resistance data
for testing gas sensor performance for a range of temperatures and gases. The glass sensing
chamber was designed with a gas inlet and outlet port, two Rodaviss® joints to easily remove the
heater and substrate as needed. It also contains two ports with septa for replacing Cu lead wires
when necessary. Collectively, these features create a sealed system for measuring resistance
data. Figure 6.4 (Chapter 6) shows the gas sensing system, whereby gas flow through the system
was maintained at 15 sccm by a flowmeter (Dwyer Instruments Inc., RMA series). Additional

description and images of the gas sensing chamber and sensing system are provided in Chapter 6.
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Substrate temperature (Ts) was controlled by placing the substrates on an ULTRAMIC
Advanced Ceramic Heater, type K thermocouple, power terminal exit on face, 25 x 50 mm. A
PID temperature control system was used to regulate heater temperature. National Instruments
LabVIEW SignalExpress software 2014 v2.5.1 was used to control the Tektronix
DMM4040/4050 Digital Multimeter and record resistance measurements of the sensors during
gas flow. 2-wire resistance measurements were collected by the multimeter through Cu leads
connected to the sensors’ Ag electrodes. Resistance was recorded at 25 °C and at Ts= 50 to 300
°C, in 50 °C intervals. Resistance was measured by increasing Tsand then maintaining Ts for
~10 min. Upon reaching 300 °C, Ts was then decreased and maintained at each Tsfor ~10 min
returning back to 25 °C.

Representative raw resistance data collected during an individual sensing experiment are
shown in Figure 6.6 (Chapter 6), where each step is labeled with the corresponding Ts at which
the resistance data were collected. Note that step shape is different when increasing than when
decreasing Ts, with a sharp drop in resistance indicating a more instantaneous response to
increases in Tsand a more gradual drop in resistance showing a slower response to decreases in
Ts. Resistance data collected at each Ts were averaged for each trial, with error propagated
through three trials (3 different nanomaterial sensing devices) for all plasma treatments and
materials explored. Resistance was measured for gas sensors individually in air (Airgas) as a
background response in addition to target gases carbon monoxide (99.8 ppm, air balance,
Matheson) and benzene (94.3 ppm, air balance, Matheson). Specifically, sensor response is
described as resistance in air (Rair) divided by resistance in gas of interest (Rgas) or (i.e. Rair/Rgas)
and is used for direct comparison of materials treated with the same plasma modification

conditions. Rair/Rgas > 1 indicates a reducing gas-surface interaction and Rair/Rgas < 1 indicates an
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oxidizing gas-surface interaction. Given changes in reducing/oxidizing interactions of gases
with SnOz2 surfaces as a result of plasma modification and nanomaterial morphology, sensitivity
values are reported as the largest of Rair/Rgas (reducing interaction) or Reas/Rair (0xidizing
interaction). All response (Rair/Rgas) data presented herein are plotted on a log-linear scale as a
function of temperature and applied power. The sensing design process is elaborated on further

in Chapter 6.
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CHAPTER 3

IN-DEPTH VIEW OF THE STRICTURE AND GROWTH OF Sn&NANOWIRES AND
NANOBRUSHES

This chapter is based on the published work under the same Ai&SmApplied
Materials & Interfaceswritten by Erin P. Stuckert, Roy Kkeiss, Christopher J. Miller, and
Ellen R. Fishet. The publication text and figures aeproduced here with permission from
[Stuckert, E. P.; Geiss, R. H.; Miller, C. J.sker, E. R. In-Depth View of the Structure and
Growth of SnQ Nanowires and Nanobrush@sCS Appl. Mater. Interface2016, 8 22345-
22353.] Copyright [2016] American Chemical SogieMaterials were growby Erin and Chris;
data collected by Roy; data analyzed and menptswritten by Erin, Roy, and Ellen. This
chapterdiscusses the structure and growth by which-Sr&Dowires and nanobrushes are
formed via CVD. This will be achievday utilizing a range of sensitive materials
characterization techniques to confirm crystalicture and growth gctions. Additional
complementary techniques are used toidate morphology and surface chemistry for 5nO
nanowires and nanobrushes. Thetidies emphasize the necessitysing a wide range of
diffraction techniques in conjunctiomith surface analyses to elucidate structural variations in
nanomaterials with slight differences in mpbology and surface area. Specifically, the impact
that small structural variations may impartaomaterial’s performance in a given application
will be discussed. Funding for this research was provided by the National Science Foundation

(CHE-1152963).
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3.1. Introduction

3.1.1. Motivation for complementary andwmarehensive structural analysif the past
two decades, nanomaterials have transitioned thentaboratory to numerous state-of-the-art
gas sensing devices as the search for highigittee and selective sensors continues, as
described in Chapter?® These materials exist in differesimensions (i.e., 1D, 2D), including
a variety of morphologies (parkss, rods/wires, brushes, gtand resulting bulk and surface
properties, which may be further altered thiougodification techniquesuch as doping or
plasma treatment. Given the vast array of matand modification parameters available, there
are numerous methods by which materials propectd@ be altered, and ultimately affect/control
sensor performance. To optimize sensor perfao®ait is essential to understand the underlying
material structure that rel$siin the properties thabatrol sensing. Specifically, by
understanding the structure corresponding to miffenanomaterial morphologies we can begin
to tailor materials through gwth and modification paramegeto achieve the necessary
properties for sensitivend selective gas sensors.

As such, a variety of imaging and difftamm techniques have been used to analyze
nanomaterial structure; however, many studidg employ one or two tools to confirm general
structure and morphology, potentially omitting impattdetailed structural information and/or
reporting results based on unreliable dztdn particular, there ia deficiency in structural
characterization of nanomaterials of diéfat morphology grown via the same proc€s8y
fully evaluating the structure of such masdsi we can better understand the mechanism by
which the same growth process can create stfdratit morphologies, anthus varied materials

properties, with only slight @nges in growth parameters.
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Many of the nanomaterials of interest é@vice development are inorganic oxides, as
detailed in Chapter 1. Consequently, numeroudiess have presented structural data for this
class of nanomaterials. Few, hewer, have utilized the full capdibes of all ofthe techniques
currently availablé!** For example, SEM, TEM, STEN)nd t-EBSD include a variety of
imaging and electron diffractic®chniques that all provide useful structural information (e.g.,
degree of crystallinity, crystatructure, crystallographic origation, and lattice spacing).'®
Electron diffraction techniques iIfEM include CBED, NBED, and SAED, along with the more
recent addition of 4D diffraion imaging in STEM (STEM-DI}/ 18 These techniques are
capable of providing various mes of structural informatiofspace group, strain, impurities,
etc.), which yield details pertairg to overall material structut&?! Through compilation of
each of these experimental techniques ohtaxh to computer modeling, a more complete
understanding of material stbture, growth process, anelsulting morphologies arises.

3.1.2. Structural analysis of Sm@anomaterials.As our work has focused on growth
and modification of Sn@®nanomaterials for gas sensor apgdiiens, our primary interests lie in
characterizing the structure, probing structure-property-performance relationships, and ultimately
determining growth mechanisms of Sn@nowires and nanobrushes synthesized via CVD. To
our knowledge, there has yet to be a comparaticuctural study of tavdifferent morphologies
with the same base material that utilizegeagive imaging and diffiction techniques in the
context of the same study. Indeednparative studies of different Sa@anomaterial
morphologies are quite limited.22 22 Here, we briefly describéaree of the arguably most
complete studies that characterized Sn@nomaterials, namely the works of Wanal,?*
Lupanet al,?® and Kelgenbaevet al?® Wang and coworkers synthesized $n@no-pins via

microwave plasma-enhanced CVD (PECVD).s&gng materials were analyzed by XRD,
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which showed the nano-pinsveathe tetragonal rutile Sn@tructure (a = b = 4.738 A,

c = 3.188 A¥* TEM/SAED and field emission SEM revealed the conditions under which the
nano-pin structure was formed, resulting in pin pimdhead with a growth direction of [001].
Based on these results, the aushanovided potential reactionacha schematic to represent a
probable vapor-liquid-solid (VLS) growth mechanism, wherein 2nZHO dissociates and
ionizes to allow SnO to mix with Au sites upon which Sn and-Sd@nately form nano-pins.

Lupan and coworkers synthesized tetragonal23niorotubes, confirmed by XRD and
SAED 2° where the distance betwetre (001) and (110) planasas reported and the growth
direction confirmed to be alongeh110]. SEM and TEM revealewb defects or dislocations in
the microtubes. These data were then usedtéordme a series of reactions to propose a growth
mechanism for the microtubes synthesized from SriZHO and NHOH. The authors found
that it was the hydrothermal reaction, [Sn(gH)— SnQ + 2H0O + 20H, that determined
SnQmicrotube growth.

Kelgenbaevat al created an impulse plasma by seoging Sn electrodes in water to
synthesize Sn nanoparticles whichrevehen annealed to form Sp@anoparticled® Analysis of
XRD data showed Sn to be tetragonal and oriented along [200] with no peaks referencing Sn
oxide. Using the Scherrer formula, the Sn nanoparticles were estimated to be 15 nm.
Application of the Rietveld refinement allowedelenination of structural parameters including
space group, a, ¢, volume, density, and goodndgsimtomparison to the ICDD. Additionally,
TEM was used to analyze material morphologg atructure. The same analysis techniques
were applied to Snfhanoparticles, confirming tetragortad dioxide. Although similar data

were presented for Sa(he structure was not deded to the same extent as the Sn structure.
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Moreover, this study did notiggest a potential growtheohanism for the Sn or SeO
nanoparticles created by the imputdasma synthesis process.

These three studies utilized multiple inrapand diffraction techniques to determine
structure to a greater degree and suggestecomponents for growth mechanisms than prior
studies?’?° Despite this advancement, the studiemloyed diffraction modes that are often less
sensitive to slight structurahanges and are thus, less edn determining material
structure®® 3! Additionally, we have found only a handfflstudies that have exploited t-EBSD
in conjunction with TEM diffraction for analysef a nanomaterial, despite the observation that
t-EBSD can afford a larger sample view than TEEMNotably, Huet al3? reported the analysis
of a variety of Zr-Nb-Sn-Fe lalys using electron energy losgectroscopy, CBED, and t-EBSD;
the latter two of which, along with STEM anak;sndicated the formation of hexagonal ZrO.

3.1.3. Implications of understanding structure and growth of2®@@omaterials.This
study is one example of the utility of combintaEBSD with other imaging and diffraction data
to provide a more complete understanding of matstiucture and growthWe believe that to
deduce the most representative growth mechaargirdetailed structural information to relate
the resulting properties and senperformance, it is critical toomprehensively characterize a
given nanomaterial via the apgiton of a variety of techniquethis work represents such a

study of Sn@nanomaterials.

3.2. Resultsand Discussion
As noted above, the information requiredtiiain comprehensive structural data for
SnG nanowires and nanobrushes includes theviing: morphology, crystallinity, lattice

spacing, crystal defects, specimen thickness,aetli crystal system, point group, space group,
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growth face, and crystal structurk.is also important to deteine if any of tlese features are
altered as a function of experental parameters. A study that determines as many of these
facets as possible through complementary techniques will provide the most accurate structure of
a material. Thus, we employed a variety dfedent imaging and diffraction techniques that
allowed greater insight into tletructure of these different Sm@orphologies grown via the
same CVD process. Thereby, these data will allow for further understanding of structure-
property-performance relationships for gas sensing applications.

3.2.1. Comparing nanowire and nanobrush pialogy and relative surface aredhe
first step in comparing different Sa@anomaterials requires apaihg the material morphology
as it directly affects structure and propertigsparticular, differencesm morphology features
and surface area of two Sp@anomaterials can indicate igslifferent sensitivity and
selectivity capabilities when litied in gas sensing applicatioh$® ** SEM micrographs in
Figure 3.1 show that as-deposited wires (greivA700 °C) and brushes (grown at ~625-650 °C)
create interconnected networks over the surface of guBstrates, with magnified images
providing greater detail omdividual wires and brushes. Ingstingly, wires have diameters of
10-50 nm and lengths of a fewaendns, whereas brushes are digantly larger. The typical
brush stem is 100 nm in diameter with bristieswing off of the stem, resulting in the overall
brush diameter being 200-300 nm with lengih40-50 um. The larger surface area of the
brushes relative to the wires suggest these maaruld have greater sensitivity in gas sensing
applications®3" The SEM micrographs show a partiolethe end of the wires, indicative of
nanomaterials grown via the VLS meth8d? This well-established method relies on Au
nanoparticle diameter contraity nanomaterial diameter anahdgh being controlled by changing

the time of substrate exposure to the precutsang the CVD processAs wires and brushes
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Figure3.1. SEM images of CVD grown Srr@anowires with magnification (a) 5,000X and (b)
30,000X; and nanobrushes with magnification (c) 1,700X and (d) 19,000X.

36



grow longer (i.e., over longer deposition times), thegome more intertwined as the base can
no longer support the growing wioe brush. Despite being imt@&ined, the wires and brushes
maintain uniform diameters.

Information obtained from SEM data provedne foundation for delaping insight into
the growth for Sn@wires and brushes. We canf that the precursor (Sn(B)a) vaporizes
under mild heating (45-55 °C), which allows itreact with liquefied Ayarticles in the CVD
reactor once the eutectic temperature is reathéd the Au-Sn-O mixture becomes saturated in
the particle, Sn@begins to solidify and form the toxide nanomaterials shown in the SEM
images, Figure 3.1. If the temperature of AbeSn-O mixture does not reach the eutectic
temperature, however, variatiomsmaterial morphology, structuret a lack of growth entirely
can result. This is likely the case for brusbvgth conditions, where an ill-defined end cap is
observed instead of a uniform particle. The abseri Au particle caps in conjunction with the
bristle structure and lower growth temperaturéhefbrushes relative to that of the wires,
confirm that the Au-Sn-O mixing igss efficient for brush growtihan for wire growth. To
determine if these morphological differences alsalted in structural ffierences (e.g., growth
face, defects), however, further study udingher resolution imagg and diffraction was
required.

3.2.2. Determining bulk or averag@nomaterial crystallinity.Identification of bulk
crystallinity was achieved gy PXRD; patterns for Snhanowires (see Chapter 4 for
additional characterization data) and nanobrushes are shown ie BigurThe patterns
consistently revealed the megds have the tetragonal Sm&tructure. PXRD patterns, however,

only reflect the average structure of the nanonaser To determine the details of wire and
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Figure3.2. PXRD pattern of Snenanowires (top) and nanobrushes (bottom) on & ZrO
substrate with peaks labeled showing the geinal tin oxide structerand underlying Zr&)
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brush imperfection and growth, we examineddhestalline properties of the individual wires
and brushes using electron microscopy teghes including HRTEM, STEM-DI, and t-EBSD.

3.2.3. Using TEM to measure lattiggagings and determine zone axéstial HRTEM
experiments used a single tilt holder to obtaiida images from wires and brushes without any
shifts in sample orientation—typically natiented along a ZA, Figure 3.3 (representative
images). Overall, the nanowires exhibit a groditiection wherein the cryal planes are parallel
to the wire with lattice spacing @4 A, Figure 3.3 (b). The bristles on the brushes appear to be
much lighter than the stem in the HRTEM imeagigure 3.3 (c), indicating they are likely
thinner than the main brush stem. Interesyintlle growth plane remains the same from the
main stem through the bristles, Figure 3.3 (d), with lattice spacing of 2.2 A. The HRTEM
images all show wires and brushes to be single crystal, devoid of defects. Although these images
provide lattice spacings, determining growthedtion of the wires and brushes is largely
inconclusive using such images. Indeed, th@sges could even lead to false conclusions
regarding growth direction because many poedibientations exigbr any given lattice
spacing.

To build upon the lattice spacing HRTEM imagee used a double tilt sample holder to
orient individual wires and brushes to a ZA wathly a few degrees of tilting around both the x-
and y-axes. The alignment of a wire within action of a degree along a ZA in the TEM is very
time intensive, resulting in only a few wires anddires being analyzed in this manner. Despite
a limited sample population, strucaliresults were consistent for wires and brushes for all
samples analyzed in this HRTEM study. This igeesally true as HRTEM images collected in a
ZA orientation are crossed lattice images repragise of the positions of columns of atoms in

the sample. The wires had a <100> ZA and the brushes a <001> ZA as shown in the low-
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Figure 3.3. HRTEM images of lgice planes in Sn£nanowires (a, b) and nanobrushes (c-e),
where (b) is a magnified image of the area Iggtted in (a) and (d, e) are progressively
magnified images of the areas highlighted by the boxes in (c) and (d), respectively.
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magnification and high-resolution images in Fig8ré. The different ZA for brushes compared
to wires indicates the different morpholegigrow with a different growth facet.

3.2.4. Customizing STEM diffraction and céenpentary simulationsr determining
nanowire and nanobrush growth facdaurther validation and identification of these growth
faces came from employing a variety of TEM meoé diffraction that provided qualitative and
guantitative information about material structu&everal studies have used TEM imaging and
diffraction to determine lattice aping and growth facets of Sp@anomaterials, yet they do not
report specific modes of diffraction used nor do tmejude analysis of gater structural detail
the modes can providé.**® Here, we utilized STEM mode in TEM as it allows for collecting
both imaging and diffraction data without neeglto re-optimize the instrument and affords
information on sub-nanometer regions. Tdoscurrent information is unattainable using
standard TEM mode but is essential for chi@@ming nanomaterials. Customizable STEM-DI,
CBED, NBED, SAED, and t-EBSere all used to providgructural detail on SnQvires and
brushes.

Traditionally, CBED provides quantitative data specimen thickness, unit cell, crystal
system, point group, and space gréup’ Additionally, small changgin lattice parameter can
be used to determine lattice strain and can ptovide an indirect measure of material
composition. We utilized a customizable form of STEM-DI that is essentially CBED with
greater resolution near 2 mrads instead otiwal 10 mrads. STEM-DI data, Figure 3.5, were
collected from the same wires and brushes medRTEM such that all STEM-DI data were
collected in the ZA orientationCrystalMaker and Single Crystalffraction software were used
to simulate the orientation of the Sn€ystal that gave rise the STEM-DI diffraction pattern

and determined the growth diteon along the wires to be tk01> and along the brushes to

41



Figure 3.4. HRTEM crossed lattice images repentative of atom columns in Sn@anowires
(a-b) and nanobrushes (c-d), where (a, c) spemeral morphology as insets and (b, d) are
magnified images of (a, c) respectively.
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Figure3.5. STEM-DI (CBED) diffraction patterns for Sn@) nanowires and (d) nanobrushes,
with corresponding simulated diffraction patte(bhge) and modeled structures (c, f) using
Crystal Maker®©.
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the <010>. Further analysis of the diffractjpatterns shows 6 A and 4 A spacing between spots
in wire patterns and brush patteymespectively. After optimizing the simulated pattern to match
the experimental pattern, we also found ar@24tion between the expmental HRTEM brush
image and the resulting diffraction patternisiparticularly noteworthy that the STEM-DI
diffraction patterns had quasi-kimatical intensities even thougfiie sample thickness is much
greater than that supportiagkinematical approximatidff. We believe that the diffraction
patterns, Figure 3.5 (a, d), are quasi-kinemastisa result of the low c@ergence angle of the
beam used for STEM-DI. The low angle resitt minimal scattering instead of the typical
dynamic scattering that would le&pected of diffraction in a itker sample using a larger
convergence angle. These findings illustragelinefits of using complimentary and tailored
techniques in that our experimahtlesign revealed hidden struetiudetails in our nanomaterials
and allowed for more direct companisbetween experiment and simulation.

3.2.5. Expanding techniques for analyzing Kikuchi lines in STEM diffracétihough
not commonly utilized, CBED patterns may alsacbéected in a manner that allows for fitting
Kikuchi lines. Studies thdtave presented CBED, as wellMBED and/or SAED patterns,
rarely fit Kikuchi lines because it &complex and time-intensive procéss?® 224’ We used
EDAX software from t-EBSD to manually fit éhKikuchi lines in the brush CBED patterns,
Figure 3.6, with and without indexg. The indexed patterns shawetragonal structure, which
remains in agreement with the results desdrét@ove. Indexing KikucHines in the higher
resolution CBED patterns insteadtbhbse of t-EBSD patterns progs more accurate structural
information as CBED is much more sensitive taraes in orientation (fractions of a mrad) than
t-EBSD. Although there is limited knowledge on tk&ability of the EDAXfits, we believe the

results from this fitting method allow for dirembmparison to other diffraction data, because the
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Figure3.6. STEM-CBED pattern showing Kikuchi lines for nanoliress (a) without indexing,
and (b) with indexing using EDAX OIM analysis.
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results of the EDAX fitting matched those of $imulations. Furthermore, fitting the Kikuchi
lines can be more reliable than fitting spatterns because CBED patterns showing Kikuchi
lines also show the higher ordaue zones that can be fitreveal slighdifferences in
orientation that may be lost the context o§pot patterns.

3.2.6. Complementary t-EBSD for religlainalyzing larger sample sizélthough
CBED data can provide greaterttaiethan t-EBSD data, the latter is capable of analyzing a
larger sample of wires or brushes more quickly than the tailored STEM-CBED collection
methodology employed here allo#s>° Furthermore, t-EBSD generates a color map displaying
the sample orientation along three axes usinigaarse pole figure (IPF) while simultaneously
collecting diffraction pattern®: 2 Despite the exact axial ori@tions not being shown here, it
is usually possible to approximate them fromItPie, especially given diffraction patterns can be
collected simultaneously. Examples of tglit-EBSD data, with SEM images, colored
orientation maps, IPFs, and cart@mulations of the crystal om¢ation, are given in Figure 3.7
for a wire and two brush types. The most prenatolor in the maps and phase in the IPFs can
be used to model the resulting tetragonaltaty&ructure for the wires and brushes, where
a=b=4.738 A, c=3.188 A. These valaes indicative of theutile tetragonal Sn©structure
for both morphologies. The resulting struesiare supported by didffction data collected
simultaneously along each wire or brush.

Diffraction patterns collected at various pis along wires and brushes were indexed,
with a selection of representati patterns for wires and bhes shown in Figure 3.7 (d). t-
EBSD patterns established wires and brushebighdy crystalline, withwires consistently
indicating a <201> growth dirgon. In contrast, although mdstushes had a <010> growth

direction, some brush samples had a <722> tjralivection. Closer inspection of the SEM
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Figure 3.7. t-EBSD data for Sn£nanowires (1), low bristle densityanobrushes (2), and high
bristle densitynanobrushes (3). The data are as follows: (a) SEM images with scanned regions
outlined and corresponding color maps; (b) IPFs with ppeseability; (c) crystal shape

determined from the t-EBSD analysis; and (d) diffraction patterns. The colored IPF overlaid in
2(b) is representative for the color maps on top.
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images associated with the t-EBSD patterns redethlat deviations in brush growth direction
were correlated with bristle deity. Brushes with high bristle density, which were the type of
brushes selected for study in the TEM, all h@dG> growth directions as noted above, whereas
those with low bristle density had a differgmowth direction, <722>that more closely
resembled the growth direction of the wires (¥200 The difference in structure between wires
and brushes is also observedacset rotation in the brush pattenesative to that of the wires.

We believe this rotation in growth directionagesult of bristle densit which is controlled by
growth temperature. As we have measureghgerature gradient in our reactor (see Section
2.1.1.), the different morphologies we obtainedl(idmg different bristle densities) are the
result of substrates being placed in slightly diffeédecations within the reactor. Given that at
lower growth temperatures, the eutectic poirthef Au-Sn-O mixture is less likely to be reached
(affecting the Au-Sn-O mixing), growth at lomemperatures results in brushes and higher
temperatures yield wires (as described aboveg vEniation in bristle desity demonstrates the
importance of maintaining vesgpecific temperatures shouldertain morphology and/or crystal
structure be desired. Notablyi, af the t-EBSD data are contsit with the TEM and STEM-DI
mapping information. More specifically, alltdaherein indicate the VLS synthesis method
produces Sn@wires and brushes with high crystallinitythe rutile tetrgonal structure, with
lattice spacings and growtaces varying with morphology.

3.2.7. Potential for greater firaction detail gained from additional STEM modes.
Additional STEM imaging and diffraction werelrted in NBED and SED modes, Figure 3.8
(a-d). These modes are not catli for evaluating the morphologicahd structural differences of
our materials, as they provide limited aduati@l information beyond what was attained through

the previously discussed imagiagd diffraction techniques. Bothpes of diffraction data can,
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(e)

Figure 3.8. STEM imaging and diffraction for Sr@anowires (a-b) and nanobrushes (c-f)
derived from different technigge STEM imaging (insets) BTEM-NBED patterns (a, ¢) and
SAED patterns (b, d). Crystal Maker was used for simulating a diffraction pattern (e) to match
the STEM-NBED pattern (c) and the corresponding simulated structure (f). The simulated
pattern and structure have been rotated 32dmect for the rotation between the brush NBED
image and the experimental diffraction pattern.
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however, provide insight into material stture—STEM-NBED spots can be monitored for
position shifts to measure the strain in a makewhereas STEM-SAED is the classic method
relating diffraction-contrast and sp@en orientation in TEM image’s?? The SAED patterns
were collected off the ZA, providing minimal strucdl information, and so for greater detail, the
samples were reanalyzed using CBED asrdest above. The NBED patterns do not show
shifts in diffraction spotsnidicating minimal to no strain in the wires and brushes. Further
analysis of NBED data for brushes was ctetgdl through simulation by Crystal Maker, Figure
3.8 (e-f), where the SnQetragonal structure was simulatddng the <001> ZA. The simulated
pattern and corresponding struetwvere optimized to match the experimental NBED, producing
simulated diffraction similar to experiment&l EM-DI but with fewer points of diffraction.
Those that were present in experimental asimulated NBED patterns match up with those
observed in STEM-DI, in both plane and spaci Unlike STEM-DI ad CBED with a larger
aperture, NBED and SAED less precisely deteentite orientation of wires and brushes as a
result of small changes in orientation oftemigeiost in the spot pattns, which was further
demonstrated by the NBED simulations. Adutitlly, when analyzing aas less than ~0.5 um
in diameter, it is critical to canely interpret SAED patterns becsaithe beam diameter is large
relative to the crystalline feature dimensiodglditionally, SAED patterns have imprecise 2D
crystallographic information as the Bragg cdimis are relaxed for thin specimen and small
grains within the speciméf}.?’ Thus, it is important to cardfy choose collection parameters to
maximize pattern detail and assure accurate representation of the sample crystallinity (see
Sections 2.2.4.-2.2.7. for more detail). BBBBED and SAED continue to support the high

crystallinity and growth direadins of the wires and brushes detmed with our other analyses.
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3.3. Summary and Conclusions

Through the comprehensive analysis creétethe combined use of the techniques
described in this work, we gained significargight regarding the structure and growth of 5nO
nanowire and nanobrush growth via CVDomplementary PXRD, t-EBSD, and STEM-DI
show both morphologies have a tetragonalewiructure. SEM and HRTEM micrographs
display Sn@ nanowires grow out of Au nanopartisland nanobrushes arise from ill-defined
particles, indicatindgpoth materials’ structures gradwy the VLS method with different
morphological features. t-EBSD and STEMAED, NBED, and customizable CBED) reveal
that although wires and brushes have the same averagetmcure, they hee different zone
axes (wires: <100>, brushes: <001>) and gihdaces (wires: <201>, brushes: <010> and
<722>) that were highly tempeuae-dependent. Slight structivariations all support the
hypothesis that different growth temperatures result in preferential growth planes, thereby
leading to the two broad categarief morphology (i.e., wires andushes) and furthermore, that
bristle density on nanobrushes can be controlledrby small variations in temperature. By
using the collection of imaging and diffractiomh@iques described herein, we now have a more
complete structural understanding of Smanowires and nanobrushes.

3.3.1. Potential implications of structlrvariations on specific application®s we
deploy these nanomaterials in gassor devices, we can congaensing capabilities with the
structural information provided by this studydetermine the optimum structural conditions for
sensing under a given set of environmental conditio@s detecting specific gases over specific
temperature and relative humidity ranges). Tmsmization process becomes simpler when we
also consider knowledge gained from additiartedracterization, such as SEM, PXRD, and XPS

data described in Chapter 4 for UT and Ar&bd HO) plasma-treated Sn@anowires and

51



nanoparticle$® Specific performanceesting for UT and Ar/@and HO) plasma-treated SnO
nanoparticles and nanowires, Chapter 7, allows getiaect performance to the structural data
described herein to better umsiand differences in sensipgrformance as a function of
nanomaterial structure or as a function of plasurface modificationSuch structure-property-
performance relationships will be further detailedChapters 7 and 8. Overall, the results
presented in this chapter clearly demonstragebtinefits gained by g a broader range of

analysis tools to create the stoeliable understanding about ateral’s structure and growth.
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CHAPTER 4

Ar/O2 AND H20) PLASMA SURFACE MODIFICATION OF SnO2 NANOWIRES AND
NANOPARTICLES TO INCREASE SURFACE OXIDATION

This chapter is based on published work under a similar title in Sensors and Actuators B:
Chemicalwritten by Erin P. Stuckert and Ellen R. Fisher.! The publication text, figures, and
tables are reproduced here from Sensors and Actuators B: Chemi¥allume 208, Erin P.
Stuckert and Ellen R. Fisher, Ar/O2 and H>O Plasma Surface Modification of SnO>
Nanomaterials to Increase Surface Oxidation, p. 379-388, 2015, with permission from Elsevier.
This chapter discusses the effects of Ar/O2 and H2O) plasma modification of SnO2
nanoparticles and nanowires observed via surface and bulk materials properties measurements
pre- and post-plasma treatment. These plasma precursor systems were chosen as they are
common oxidizing systems known for increasing surface oxidation and thereby enhancing sensor
sensitivity. Different architectures are examined herein to determine if material morphology has
an impact on the resulting plasma treatment. Materials properties resulting from plasma
treatments are also placed in context of potential gas sensing applications. Funding for this

research was provided by the National Science Foundation (CHE-1152963).

4.1. Introduction

4.1.1. Necessity for sensitive aelective gas sensoréias sensors have been used in
homes, schools, and workplaces for decades to provide early warning of dangerous gases to
human health and well-being. New material and technique research and development to improve
sensitivity, selectivity, and other sensor features has spanned the same time period. Sensors have
been fabricated from a wide range of materials (e.g., metal oxides, polymers, carbon nanotubes,
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etc.) with varied properties (e.g., electrical, optical, acoustic, etc.).”> Metal oxide
semiconductors (MOS), specifically SnOz, have risen to the forefront as some of the most
promising sensor materials. Detectors have been created in many different forms from thin films
to nanowires, often utilizing dopants (e.g., Pd, Pt) to further enhance sensor performance.®”
Despite efforts to improve sensitivity and selectivity of sensors operating at room temperature,
limitations persist for many gas detectors. A method of material modification that can alter
materials beyond altering surface area or including metal dopants is plasma modification. As
described in Chapter 1, plasmas have an expansive parameter space, enabling us to maintain
desirable bulk properties (i.e., conductivity) while tuning surface chemistry (i.e.,
functionalization) to achieve increased sensitivity and selectivity.

4.1.2. Plasma modification of sensor materiaddthough plasmas are routinely used in
the semiconductor industry, often for etching applications, it is only within the past decade that
interest in plasma treatment of sensor materials has increased significantly.!®!? In particular,
A1/O2, Hz, O2, and N2 plasmas have been used to modify SnO2 materials.'> ¥ Much work
centers on Ar/O2 plasma surface modification of SnO2 nanomaterials for gas sensing.!*!7 Pan et
al.'* treated SnO2 nanowires with Ar/O2 plasmas (1:1, P = 10-80 W for 4 min), creating a sensor
that showed increased sensitivity to ethanol gas. Tin reduction was observed on nanowire
surfaces at the maximum P treatment leading to decreased sensitivity. Mathur et al” also
modified SnO2 nanoplates with Ar/O2 plasmas (3:1, P = 25-125 W for 3 min), where treated
SnO:2 nanoplates showed similar increases in ethanol sensitivity relative to nanowires treated at
low P. For higher power treatments, however, changes in morphology from nanoplates to

nanoglobular particles were observed as a result of tin reduction throughout the nanoplates.
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Although there are limited studies on alternative plasma modification systems, such as
Hz, O2, and N2 plasmas, these systems exhibit a similar etching effect as Ar/O2 plasma has on
Sn0:.!% ¥ Such studies barely approach the utility of plasma surface modification, whereby the
limited plasma parameters and materials explored leave room for further investigation and
optimization of plasma surface modification strategies. H20 vapor plasma is a nominally etching
plasma containing oxygen that has not, to our knowledge, been used for treatment of SnO2

nanomaterials. In a related study, however, Tarlov et al!®2°

examined the effect of using
extremely low power H20 plasmas (P = 1-5 W, 10-15 min) to remove surface carbon from SnO2
films. Interestingly, they found that the H2O plasma generally oxidized the surface of annealed
SnO: films, converting Sn*" to Sn*" at the surface. In the same work, the authors demonstrated
that annealing H20 plasma treated SnO2 films resulted in formation of oxygen vacancies and that
Ar" bombardment of the SnOz film served to reduce the Sn at the surface. Tarlov et al.did not
explore higher power plasmas, as their major goal with the H2O plasma treatment was to remove
adventitious carbon while still preserving the hydroxylated surface of the SnO: films.

4.1.3. Enhancing surface oxidation of Sm@anomaterialsWith the study described in
this chapter, we sought to explore whether water plasma treatments would hydroxylate
nanostructured SnO2 materials similarly to the work of Tarlov et al. with thin films and if such
treatments would provide an improved platform for ultimately creating more sensitive SnOz gas
sensors. The H20 plasma system is also a good comparison system for the Ar/O2 plasma as it
should add oxygen to the SnO2 surface but may have milder etching/oxidizing behavior.'”-!
Thus, both SnO2 nanoparticles and nanowires were plasma treated with Ar/O2 and H20 plasma

systems to compare their effects on surface composition, morphology, and bulk crystallinity of

SnO:2 materials with different morphologies and surface areas. Furthermore, to address the lack
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of materials characterization often observed when plasmas are used to treat sensor materials, this
study puts forth additional materials characterization pre- and post-plasma treatment that builds
on the structural investigation in Chapter 3. The compilation of these studies aid in
comprehensive materials analysis for understanding structure-property-performance relationships

as these materials are deployed in sensing devices.

4.2. Results

4.2.1. Exploring untreated nanomaterial morpholodpitial morphology studies using
SEM analysis provide information on relative sizes of SnO2 nanoparticles, Figure 4.1 (a), and
nanowires, Figure 4.1 (b-c), on ZrOz substrates. Note that additional SEM images can be found
in Chapter 3, Figure 3.1 for further comparison. Nanoparticle diameters range from 10-50 nm
with many on the smaller end of that range, and SnO2 nanowires (the same as described in
Chapter 3) have diameters ranging 10-50 nm averaging around 20 nm with lengths of several
microns. Throughout the CVD process, color changes were observed on the substrate surface
indicative of SnO2 deposition. A detail of CVD growth not described in Chapter 3 is the color
change observed throughout the deposition process. Figure 4.1 (d) shows the substrate color
change from gold to green to blue-purple as a ZrO2 wafer is sputtered and annealed with Au and
undergoes SnO2 nanowire growth. For comparison, a photograph of SnO2 nanoparticles on a
ZrO2 wafer is also shown in Figure 4.1 (d).

4.2.2. Comparing structure and surface chemistry of nanowires and nanoparficles.
material’s gas sensing capabilities are largely dependent on both bulk and surface properties, UT
nanoparticles and nanowires were analyzed for comparison with plasma treated nanomaterials.

PXRD was used to analyze bulk crystallinity as resistance measurements for any sensing devices
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Figure4.1. SEM images of (a) commercial SnO2 nanoparticles; (b) SnO2 CVD grown
nanowires; and (c) a cross-section of SnO2 nanowires, all on ZrO: substrates. Shown in panel (d)
are photographs of a ZrO: substrate: (1) as-received, (2) sputtered with 5 nm Au and annealed
for 60 min at 700 °C, (3) with CVD SnO2 nanowires, and (4) covered with commercial SnO2
nanoparticles. Insets show higher magnification images of the nanowires in (b) and (c).
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created from these nanomaterials depend upon understanding the composition of the bulk
material. PXRD patterns for a ZrO:z substrate, SnO2 nanoparticles on a zero diffraction plate,
SnO2 nanoparticles on ZrOz2, and SnO2 nanowires (see Chapter 3 for additional characterization)
on ZrO2 can be seen in Figure 4.2. The patterns show both the SnO2 nanoparticles and
nanowires have a tetragonal SnO: structure where tin in the bulk of the material is in the Sn**
oxidation state, consistent with nanowire structural analysis in Chapter 3. It is also important to
understand the surface chemistry of our SnO2 materials as it is the interactions of gases with the
surface that drive the sensing mechanism of these devices. Gas-surface interactions are
discussed further in Chapter 5 and 7. Figure 4.3 contains high resolution O1s and Snza XPS
spectra for SnO2 nanoparticles and nanowires. In particular, the main contribution to the Ois
spectra for both materials is that of oxygen bound to Sn** at 530.9 eV. A peak approximately
0.25 times as intense as the primary peak appears at 532.2 eV, indicating an additional binding
environment assigned to oxygen adsorbed to the material surface.’>%* The Snsq spectra for both
SnO2 nanoparticles and nanowires show surface tin solely in the Sn*" oxidation state, consistent
with the bulk material.

4.2.3. Initial plasma modifation treatments to increase surface oxyga&nO: and H20
plasma treated materials were also analyzed via XPS. The first experiments employed were
designed to be directly comparable to literature studies.!® !-2* Thus, we performed Ar/O:
plasma treatments of SnO2 nanoparticles and nanowires at P = 10, 20, 30, 40, 50, and 60 W for
4 min."*17 Our XPS analyses of treated materials, however, revealed no changes in surface
composition as all spectra showed no differences in comparison to UT nanomaterials. In

addition, PXRD patterns showed no variation in the structure from the tetragonal structure of the
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Intensity (a.u.)

Figure4.2. PXRD patterns for (a) ZrO> substrate; (b) SnO2 nanoparticles on a zero diffraction
plate; (c) SnO2 nanoparticles on ZrO2; and (d) SnO2 nanowires on ZrO2. The patterns show
SnO:z to be in the form of tetragonal SnOx.

63



3 5
£ £
w @«
= -
536 534 532 530 528 498 495 492 489 486 483
(d)
~ - Sn*
= =
£ 2
w o
g g
z E
=4
536 534 532 530 528 498 495 492 489 486 483
Binding Energy (eV) Binding Energy (eV)

Figure 4.3. High resolution O1s and Snza XPS spectra of (a-b) commercial SnO2 nanoparticles,
and (c-d) CVD-grown SnOz nanowires.
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UT SnOz. These data suggested our plasma system under these conditions was not effective at
significantly modifying the SnO2 nanomaterials.

4.2.4. Optimizing Ar/@and HO) plasma treatments for maximizing surface adsorbed
oxygen. We therefore adjusted our plasma parameters to test increased applied powers and
treatment times. Ultimately, we selected P = 150 W as the appropriate applied rf power to
explore treatment times of 5, 10, and 30 min because it resulted in the highest etching and
greatest oxygen adsorption. PXRD patterns collected post-plasma treatment for Ar/O2 NP,
Figure 4.4 (a), display virtually no change in the patterns from those of UT NP, Figure 4.2.
Similarly, the patterns collected for Ar/O2 NW, Figure 4.4 (b), show limited changes in
crystallinity.

Although the bulk structure of the SnO2 nanomaterials was not affected by the 150 W
Ar/O2 plasma treatment, the surface oxygen was altered, evidenced by XPS. Figure 4.5 shows
high resolution O1s and Sn3zda XPS spectra from plasma modified SnO2 nanoparticles and
nanowires. Regardless of treatment time, the 150 W Ar/Oz plasma treatments did not change the
Snid binding environments for the NP and NW; thus the tin oxidation state remained unchanged.
In contrast, the O1s spectra show that adsorbed oxygen increases with treatment time for
nanoparticles and nanowires as a result of the plasma creating oxygen vacancies within the SnO>
lattice, as evidenced by the increase in the higher B.E. peak and the decrease in the peak at lower
B.E. This trend can be seen in the XPS spectra for the NP treated at 30 min, but the most
effective modification of those tested is the 30 min 150 W Ar/O: treatment of NW. This is
supported by the chemisorbed oxygen Ois peak at higher B.E. being approximately 1.5 times

larger than the lower B.E. peak representative of lattice oxygen.
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Figure 4.4. PXRD patterns for SnO2 (a) nanoparticles and (b) nanowires treated in an Ar/O2
plasma (145 mTorr, 150 W) for 5, 10, or 30 min. Some of the tetragonal SnO: facets are labeled
in the patterns for reference, with the complete structure labelled in Figure 4.2.
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Figure 4.5. High resolution O1s and Snza XPS spectra of (a-b) SnO2 nanoparticles, and (c-d)
SnO2 nanowires treated with an Ar/O2 plasma (145 mTorr, 150 W) for 5, 10, or 30 min.
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Despite these promising results, the Ar/O:2 system did not appear to provide the level of
control over materials properties or plasma parameters that would be most desirable. We chose
to explore an alternate system, H2O() plasmas, which would likely provide different surface
chemistries but would still be capable of increasing surface oxygen. As noted in Section 4.1.2.,
to our knowledge, H2O plasmas have not been used for surface modification of SnO2
nanomaterials. For direct comparison to the Ar/Oz treatments, we used a 145 mTorr H20
plasma. Effects of applied rf power on oxygen adsorption were explored by treating materials
for 5 min at P = 30, 60, 100, and 150 W. XPS data collected post-H20 plasma treatment showed
increased oxygen adsorption at higher applied rf powers, Figure 4.6, similar to what was
observed with the Ar/Oz treatments but to a lesser extent. Whereas, Ar/Oz plasma treatment
resulted in a ratio of 1:1 for adsorbed oxygen to lattice oxygen, H20 plasma treatment resulted in
a ratio closer to 2:3. Notably, the 150 W H20 plasma treatment appears to have a greater effect
on oxygen adsorption with the NP than with the NW. Unexpectedly, given the increased oxygen
adsorption, we also observed a reduction in Sn at higher P, Figure 4.6 (b, d). The Sn3d spectra
exhibit an additional binding environment at lower B.E. for both spin states (Sn*" to Sn° ratio of
approximately 3:2) with NW and NP displaying similar Sn reduction at P > 60 W.

To determine if Sn was reduced only at the surface or if Sn reduction occurred in the bulk
material, PXRD patterns were collected for materials treated at 150 W where reduction was
always observed, Figure 4.7. The nanoparticles showed several new peaks in the patterns, Figure
4.7 (a), representative of Sn in several reduced states (Sn’, SnO, Sn203, Sn304) in addition to
minimal presence of peaks for the initial tetragonal SnOz structure. 150 W H2.0 NW PXRD

patterns, Figure 4.7 (b), also contained peaks for reduced Sn phases. These patterns included
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Figure 4.6. High resolution O1s and Snza XPS spectra of SnOz (a-b) nanoparticles and (c-d)
nanowires treated with an H20 plasma (145 mTorr, 5 min) at P =30, 60, 100, or 150 W.
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Figure4.7. PXRD patterns for SnO2 (a) nanoparticles and (b) nanowires, treated with an H2O
plasma (145 mTorr, 150 W) for 5, 10, or 30 min. Lines associated with various tin oxides are
labeled; the complete pattern of tetragonal SnO: is labeled in Figure 4.2.
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fewer peaks for tetragonal SnOz than those observed in the patterns for H2O NP, which is
discussed further below.

Sn reduction not only resulted in changing binding environments and additional tin
oxidation states evidenced by XPS and PXRD, but morphological changes were also observed
via SEM for H20 NP and NW. Analyses suggest higher P and longer treatment time increase tin
reduction, with decreasing mixtures of tin oxidation states being completely reduced to Sn’.
Figure 4.8 (a, c) show the reduction and agglomeration of SnO2 nanoparticles into large Sn
particles. As SnO: nanowires are reduced, they agglomerate into large Sn particles, Figure 4.8
(b, d), with nanowires on the exterior of the particles, Figure 4.8 (b). These chemical and
morphological changes to the nanoparticles and nanowires also resulted in visual changes of the
substrates, shown in the insets in Figure 4.8 (a-b), respectively. Such changes are discussed
further below.

4.2.5. Expanded studies on®4,) plasma systemAs the 150 W 5 min H20 plasma
treatment displayed the greatest increase in oxygen adsorption for nanoparticles, Figure 4.6, this
system was further explored by performing treatments at longer treatment times (10 and 30 min,
Figure 4.9). The high resolution XPS oxygen binding environments for both nanowires and
nanoparticles, Figure 4.9, display a trend of increasing oxygen adsorption with increasing
treatment time. The increased treatment times studied do not, however, appreciably affect the
amount of Sn reduction observed in the Snsd binding environment, likely due to the limitation of
sampling depth associated with XPS.

Additional XPS data shown in Tables 4.1-4.3 provide compositional information on all
untreated and plasma treated nanomaterials as well as ratios comparing different binding

environments. These data show that the relative proportion of adsorbed to lattice oxygen is
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Figure 4.8. SEM images of (a,c) SnO2 nanoparticles [mag 15,000X (inset 50,000X) and
19,000X, respectively] and (b,d) SnO2 nanowires (mag 4,000X) treated with an H2O plasma
(145 mTorr 150 W, 5 min). Insets in (a) and (b) are photographs of the plasma treated
nanoparticle and nanowire substrates, respectively.
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Figure 4.9. High resolution O1s and Snzqa XPS spectra of SnOz2 (a-b) nanoparticles; and (c-d)
nanowires, treated with an H20 plasma (145 mTorr, 150 W) for 5, 10, or 30 min.
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Table4.1. Elemental composition showing percent tin, oxygen, and carbon for UT, Ar/O2, and
H20 NP and NW.

‘ Sn Y%err | O Yerr | C Yoerr

Untreated nanopa.rtlcles 35.6 73| 55.8 4.2 8.6 3.5

nanowires 343 23| 583 2.6 7.5 28.9

30 W 5 min nanopa‘rtlcles 28.7 75| 55.5 22.1 | 159 87.5

nanowires 34.1 44| 573 49 8.6 50.4

60 W 5 min nanopa‘rtlcles 33.1 8.1| 6l1.1 13.0 5.7 142.5

nanowires 36.9 109 | 594 6.0 3.7 19.5

100 W 5 min nanopa'rtlcles 27.7 6.9 | 68.6 2.6 3.7 38.1

Ar/O nanowires 34.2 79| 59.7 8.2 6.0 38.1
2 5

150 W 5 min nanopa.rtlcles 33.2 157 | 63.3 9.7 35 30.1

nanowires 36.4 47| 59.2 3.5 4.4 12.7

150 W 10 min nanopa.rtlcles 31.7 8.6 | 63.5 3.4 4.8 14.6

nanowires 34.6 6.5| 624 4.6 2.9 39.8

150 W 15 min nanopa'rtlcles 28.5 99| 672 2.6 4.3 259

nanowires 27.5 17.1 | 69.7 7.1 2.8 25.0

30 W 5 min nanopa‘rtlcles 27.5 49| 65.7 4.6 6.8 25.1

nanowires 33.8 6.2 | 60.6 5.4 5.6 94.8

60 W 5 min nanopa‘rtlcles 31.0 3.6 | 66.2 0.7 2.8 25.0

nanowires 33.5 69| 64.3 2.2 2.2 49 8

100 W 5 min nanopz%rtlcles 41.6 1.6 | 544 2.1 4.0 23.6

.0 nanowires 41.9 10.1 | 46.5 16.2 | 11.6| 101.0
2 5

150 W 5 min nanopgrtwles 27.3 99| 42.7 16.7 | 30.1 17.9

nanowires 7.6 50.7 | 29.5 116.4 | 62.8 60.7

150 W 10 min nanopa.rtlcles 11.5 7.2 | 73.8 5.6 | 14.7 25.6

nanowires 14.6 223 | 57.1 339 | 28.3 73.2

150 W 15 min nanopa.rtlcles 14.6 291 75.0 3.1 10.5 19.5

nanowires 8.9 12.1 | 47.7 242 | 434 27.9
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Table4.2. O/Sn ratios, percent Sn**, and percent reduced tin for UT, Ar/Oz, and H2O NP and

NW.
%
reduced
O/Sn | %err | % Sn*" | %err | Sn %err
Untreated nanopgrucles 1.6 11.5 100.0 | 0.0 0.0 0.0
nanowires 1.7 4.9 100.0 | 0.0 0.0| 0.0
30 W 5 min nanopgrﬂcles 1.9 29.6 100.0 | 0.0 0.0 0.0
nanowires 1.7 9.3 100.0 | 0.0 0.0 0.0
60 W 5 min nanopa.mcles 1.8 21.1 100.0 | 0.0 0.0 0.0
nanowires 1.6 16.9 100.0 | 0.0 0.0 0.0
100 W 5 min nanope%rtlcles 2.5 9.6 100.0 | 0.0 0.0 0.0
Ar/O nanowires 1.7 16.1 100.0 | 0.0 00| 0.0
2 ;
150 W 5 min nanopa'rtlcles 1.9 254 100.0 | 0.0 0.0 0.0
nanowires 1.6 8.2 100.0 | 0.0 00| 0.0
150 W 10 min nanope%rtlcles 2.0 12.0 100.0 | 0.0 0.0 0.0
nanowires 1.8 11.1 100.0 | 0.0 00| 0.0
150 W 15 min nanopgrﬂcles 2.4 12.5 100.0 | 0.0 0.0 0.0
nanowires 2.5 24.1 100.0 | 0.0 00| 0.0
30 W 5 min nanopgrﬂcles 2.4 9.5 100.0 | 0.0 0.0 0.0
nanowires 1.8 11.6 100.0 | 0.0 0.0 0.0
60 W 5 min nanopa.rtlcles 2.1 4.3 100.0 | 0.0 0.0 0.0
nanowires 1.9 9.1 100.0 | 0.0 0.0| 0.0
100 W 5 min nanopa.rtlcles 1.3 3.7 83.6 26.0 16.4 31.7
0.0 nanowires 1.1 26.2 76.4 32.0 23.6 24.8
2 .
150 W 5 min nanopa'rtlcles 1.6 26.6 73.9 37.3 26.1 45.6
nanowires 3.9 167.1 71.7 85.8 28.3 66.0
150 W 10 min nanope%rtlcles 6.4 12.8 82.2 | 48.9 17.8 | 67.8
nanowires 3.9 56.2 71.4 61.8 28.6 48.7
150 W 15 min nanopgrucles 5.1 5.9 73.8 28.8 26.2 | 29.2
nanowires 53 36.3 74.7 32.3 253 23.6
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Table 4.3. Percent lattice oxygen, adsorbed oxygen, and adsorbed oxygen to lattice oxygen

ratios for UT, Ar/Oz, and H2O NP and NW.

%
% lattice adsorbed adsorbed/
O %err | O %err | lattice Yoerr
Untreated nanopa.rtlcles 744 30.3 25.6 32.3 0.3 31.8
nanowires 71.6 5.8 28.4 8.9 0.4 8.0
30 W 5 min nanopa.rtlcles 754 | 41.8 24.6 27.5 0.3 31.1
nanowires 76.4 | 21.8 23.6 34.0 0.3 31.1
60 W 5 min nanopgnlcles 723 | 19.5 27.7 25.0 0.4 23.5
nanowires 72.0 6.3 28.0 8.2 0.4 7.7
100 W 5 min nanopa.rtlcles 73.1 18.4 26.9 30.6 0.4 27.3
Ar/O nanowires 69.2 17.5 30.8 24.3 0.4 22.2
2 .
150 W 5 min nanopa'rtlcles 68.3 8.9 31.7 26.5 0.5 21.0
Nnanowires 66.4 4.0 33.6 10.2 0.5 8.1
150 W 10 min nanopa'rtlcles 63.1 | 29.5 36.9 35.9 0.6 33.5
nanowires 63.9 | 26.5 36.1 41.5 0.6 36.1
150 W 15 min nanopa'rtlcles 81.3 | 237.6 18.7 | 130.5 0.2 | 150.5
nanowires 37.9 | 55.6 62.1 49.6 1.6 53.3
30W 5 min nanopa.rtlcles 76.5 4.3 23.5 15.5 0.3 12.9
nanowires 75.4 10.5 24.6 21.1 0.3 18.5
60 W 5 min nanopgrtlcles 70.0 | 12.8 30.0 18.0 0.4 16.5
nanowires 72.1 5.6 27.9 6.4 0.4 6.2
100 W 5 min nanopgrtlcles 733 | 339 26.7 26.9 0.4 28.7
0 nanowires 70.3 28.0 29.7 48.4 0.4 42.3
2 .
150 W 5 min nanope%rtlcles 62.2 18.2 37.8 18.1 0.6 18.1
nanowires 59.8 | 220.5 40.2 | 225.1 0.7 223.2
150 W 10 min nanopa'rtlcles 459 71.8 54.1 36.1 1.2 55.4
nanowires 55.6 | 78.8 44 4 80.2 0.8 79.6
150 W 15 min nanopa.rtlcles 41.1 ] 69.0 58.9 43.0 1.4 58.3
nanowires 63.7 | 35.2 36.3 62.9 0.6 52.9
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approximately 1:3 for UT materials. This ratio stays constant for Ar/Oz plasma treatments with
P <100 W but increases to as high as 1.6:1 for nanowires treated at 150 W for 30 min. For the
H20 plasma treated materials, this ratio similarly rises to as high as 1.4:1 for nanowires treated at
150 W for 30 min. Table 4.2. shows the % Sn in a reduced state relative to that in the Sn** state.
As noted above, the only samples that show contributions from reduced Sn are those treated in
H20 plasmas with P> 100 W.

Although the majority of the treated samples show small amounts of carbon in the XPS
spectra, largely attributable to adventitious carbon, there is >10 % carbon in some of the Ar/Oz
plasma-treated materials. This likely arises from the creation of surface oxygen vacancies that
allow not only for increased interactions with atmospheric oxygen but also with any carbon
present near the treated samples. This is supported by the relatively large error associated with
these measurements, which further suggests a non-uniform incorporation of carbon (often seen
with plasma-treated materials).?> For H2O plasma treated samples, we also see high levels of
carbon incorporation in the XPS spectra. Here, we attribute the carbon both to the increased
availability of surface oxygen vacancies but also to the extreme morphology changes occurring
with these plasma treatments. The changes in morphology upon tin reduction may leave an
incomplete or non-uniform surface composition (as supported by EDS data, Figure 4.10., which
suggest the microscale particles largely comprise tin, with very little oxygen). This is further
evidenced by the relatively large error bars in these measurements, which indicate a non-uniform

composition being sampled by the XPS.
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o s % 4 40 | Sn

Figure4.10. SEM image and corresponding EDS spectra of 150 W 30 min H2O NW, Si, Sn, O,
and C composition maps.
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4.3. Discussion

4.3.1. Necessity for comprehensive mateghkracterization when plasma modifying
materials. Scant literature exists on plasma surface modification of MO materials for gas
sensing, specifically SnOz2, providing limited information on effects of such processes on
materials properties and composition. Thus, this study was designed to focus on more
comprehensive materials characterization and to explore the effects of different plasma systems
on the chemical and morphological properties of SnO2 nanomaterials. This is especially
important because the bulk and surface properties of a sensing material are essential to a gas
sensor’s functionality, and controlling morphology is also critical for reproducibility of sensor
fabrication processes.'®?® Moreover, it is also important to discern differences in the efficacy of
plasma surface treatments that might arise from applying the treatment to different material
morphologies. Additionally, SnO2 materials tend to adsorb excess water in humid environments
and, in some cases, adsorb more water than oxygen.?’?° Thus, comparison between the two
treatments, (one containing O2 and one H20 as the nominal oxidant) is also an interesting
component of this current study. We have therefore characterized SnO2 nanowires and
nanoparticles to provide detailed chemical and morphological information about the two
materials pre- and post-treatment.

4.3.2. Comparison of untreated Si@anowires and nanoparticleNotably, the UT NP
and NW have nearly identical PXRD patterns, Figure 4.2 (c-d), indicating similar crystal
structures despite differences in morphology. Likewise, the XPS spectra for the two materials
are very similar, Figure 4.3, indicating the surface chemistries are not substantially different prior

to plasma treatment.
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4.3.3. Understanding ArAplasma systems and treatment of Sn@homaterials.The
most intriguing results here are the morphological changes that occur upon H20 plasma
treatment. To understand how the different SnO2 nanomaterials are altered by plasma
modification it is necessary to first understand the mechanisms by which Ar/O: plasma systems
can modify MO materials. Ar/O2 plasmas etch SnO2 surfaces by creating oxygen vacancies
through activation of the surface with energetic Ar (and to a lesser extent, oxygen) species in the
plasma, which also removes the activated surface oxygen.’*3> Notably, several specific
pathways are available for surface activation, most significantly heavy ion impact (Ar species),
and chemical etching (oxygen species). Once oxygen vacancies are created, oxygen will
preferentially adsorb to fill the vacancies on the SnOz surface. As our XPS data, Figure 4.5 and
Table 4.1-4.3, show minimal changes after Ar/O2 plasma treatment at lower P for both
nanomaterials, it is likely that the surface is either insufficiently activated due to a limited
amount of high energy Ar species, (Ar, Ar’, or Ar’) or the oxygen species are not capable of
removing the activated oxygen.*® Upon increasing the plasma power to P> 100 W, a sufficient
amount of energetic plasma species are created to effectively etch SnO2 surface oxygen.
Thereby oxygen adsorption increases (as evidenced by the growth of the adsorbed oxygen peak
in the XPS data) without altering the surface tin composition. Although we did not observe any
tin reduction along with increased oxygen adsorption for the majority of Ar/Oz treated materials,
it is necessary to be aware that there is a transition point wherein the properties of SnO2 become
more characteristic of tin metal than the bulk MO.'%17

Another intriguing aspect of the Ar/O2 plasma treatment applied here is that we did not
observe significant changes in the morphology of the nanomaterials, regardless of the plasma

conditions. Although this agrees nicely with the work of Huang et al. who found that exposure
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to an Oz plasma (40 min) did not alter the morphology of SnO2 nanocolumns,* it starkly
contrasts with previous results from Mathur et al!” and Kim et al.!® who found significant, albeit
different, morphological changes occurred upon Ar/O2 plasma treatment of SnO2 nanomaterials.
In particular, Mathur et al. found that their SnO2 nanoplatelets, when treated with a 3:1 Ar/O2
plasma (3 min, P = 25-125 W), were converted into elongated granular structures, even at the
lowest applied powers. At the highest P, the structures became more globular and the formation
of “pores” in the material was observed. They also witnessed that plasma treatment served to
reduce Sn in the material to a range of sub-valent tin oxide species (Sn3O4, Sn203, SnO) that
increased with plasma power. These changes were attributed to a combination of preferential
oxygen etching and progressive reduction reactions upon plasma treatment. Indeed, the authors
also noted that the relative amount of Sn° present in their materials was directly proportional to
the plasma power as evidenced by their PXRD data. Given the relatively high concentration of
Ar in their system, the resulting etching was not surprising.

Likewise, Kim et al'® found that exposure to a 1:1 Ar/O2 atmospheric pressure plasma
somewhat altered the morphology of their SnO2 nanowires. Specifically, they found that
nanowires exposed to the Ar/O2 plasma grew nodules on the surface and the clusters of nodules
grew proportionally with treatment time. Interestingly, no changes were observed in PXRD
patterns of as grown and plasma treated nanowires, suggesting that plasma treatment altered
nanowire morphology but not tin oxidation state. This suggests that particles bombarding the
nanowire surface in this system were insufficient to appreciably etch or reduce SnOx.

Although we did not observe any morphological changes to the nanomaterials under any
Ar/O2 plasma treatment parameters, we did observe small changes in bulk crystallinity. We

clearly saw an increase in the surface oxygen at high powers and longer treatment times, Figure
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4.5 and Table 4.1-4.3. In considering gas sensing applications, it is surface composition that
allows for gas-surface interactions, whereas bulk crystallinity of the semiconductor contributes to
charge flow through the material where changes in material resistance upon gas exposure tell
information on sensitivity and selectivity. This change in resistance drives the gas sensing
mechanism, which is why it is necessary to create large changes in resistance to maximize
sensitivity. PXRD, Figure 4.4, showed negligible changes in the bulk crystallinity of SnO2
nanoparticles after all Ar/O2 plasma treatments. SnO2 nanowires, however, showed minimal tin
reduction. Although only the 5 min pattern displays an additional peak for Sn203, Figure 4.4 (b),
additional peaks for Sn203 or other crystalline phases may be present in the nanowires that are
simply not detected in all PXRD data as a result of the limitations of the technique and/or the
orientation of the nanowire network.>* Our results suggest the Ar/O2 employed here does not
appreciably etch or reduce the SnO2 nanomaterials.

4.3.4. Understanding #.) plasma systems and treatment of Sn@homaterials.In
contrast to the Ar/O2 plasma treatments that resulted in only minor levels of tin reduction at high
powers, H20 plasma modification showed much greater tin reduction, irrespective of the applied
rf power or treatment time. Furthermore, tin reduction occurs both on the surface and in the bulk
material, as evidenced by XPS (Figure 4.6) and PXRD (Figure 4.7) data showing that the tin is
almost completely reduced after H20 treatment. In addition, extreme changes in morphology
after H20O plasma treatment were observed (Figure 4.8). Destruction of the initial crystalline
structure resulted from extensive Sn reduction, allowing for Sn° to recombine and form relatively
large particles, on the micrometer scale.

As with the Ar/Oz system, it is instructive to consider possible mechanisms for how H20

plasmas interact with surfaces. In particular, the reduction observed here may be the result of a
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number of simultaneous effects occurring. First, the relatively high P in our plasmas likely led to
significant ion bombardment of the surface. Previous work in our laboratory has shown that the
average ion energy in Ar and Ar/CHa4 plasmas (with similar applied rf powers) in our laboratory
is ~70-80 eV.* Thus, the plasma could potentially result in preferential sputtering as well as
lattice disordering processes. Indeed, work in other groups has demonstrated that Ar/O2 plasmas
can preferentially remove specific elements from a range of metal oxides.***® Second, the more
delicate nanowires and nanoparticles could have been affected by increased substrate
temperatures resulting from the higher applied rf powers. Although it is highly unlikely that our
substrates are reaching these temperatures as previous work in our labs showed that Ts only rises
to ~100 °C in 40 min,** the ambient heating of nanowires and nanoparticles has not previously
been measured in our plasmas and may be reaching greater temperatures than we have
previously reported for thin films. Notably, other researchers have found a size dependency of
the melting points of Sn and SnO: particles.** !

Reduction and rearrangement were unexpected given that the literature shows H20
plasma treatment generally has an oxidizing effect on SnO> thin films.!*?° In these previous
studies, however, SnO2 thin films were oxidized by low power (P = 1-5 W) H20 plasmas,
significantly lower than those used in our work; thus, Tarlov et al.could have observed a
reducing effect with substantially increased plasma power due to subsequent heating or increased

production of hydrogen atoms. Indeed, this is suggested as Tarlov et al.’

observed a slight
reduction of the near surface region when H20 plasma treated SnO: thin films were annealed at
relatively high temperatures (600 °C). Similar to the Ar/O2 plasma system, this effect may

manifest at lower Ts(which can result in mixed oxidation states*?) in our studies, given the more

delicate nature of the nanostructured materials. Nevertheless, H2O plasmas do contain both
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oxidizing (e.g., O, O*, OH) and reducing (e.g., H, H*, H2) species and as such it is possible that
our H20 plasmas act more like H2 plasmas than Oz plasmas, the former of which are well known
to reduce SnO: films.** The gas species present in H2O plasmas resulting in Sn reduction are
further examined in Chapter 5.

4.3.5. Implications in gasensing applicationsAs a final note, reduction of SnOz thin
films was previously reported to decrease conductivity,** suggesting that our Ar/O2 plasma
treated nanomaterials that still retain their semiconductor properties will show greater sensitivity
and selectivity as gas sensors than H20 plasma treated materials which are much more metallic
in nature. As noted previously, having multiple valencies at the surface may enhance sensing
properties, but extreme tin reduction may result in metallic behavior and suppress
semiconducting capabilities that can be detrimental to sensing capabilities of the material.'* 7 It
was, therefore, important to closely monitor tin reduction via plasma treatment as we deployed
these materials in gas sensor devices. The role of tin reduction on sensor sensitivity is explored
in Chapter 7 where all Ar/O2 and H20 plasma treated nanomaterials are tested for sensor

performance.

4.4, Summary

Through an increase in surface oxygen vacancies created via plasma treatments, our SnO2
nanowires and nanoparticles exhibit increased oxygen adsorption, which can increase gas-
surface interactions and ultimately affect sensor sensitivity. Thus, plasma modification is an
effective method of surface modification for these materials. Notably, the 145 mTorr Ar/O2
plasma (P = 150 W, 30 min) used here effectively etched lattice oxygen from SnO2 nanowires

and nanoparticles. This resulted in increased oxygen adsorption with both morphologies,
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although greater oxygen adsorption was achieved with the nanowires. Interestingly, an
alternative plasma treatment for oxygen etching, a similarly configured H20 plasma also resulted
in increased oxygen adsorption, but additionally resulted in the reduction of Sn. Significant
morphological changes were also observed with H2O plasma treatment, resulting in SnO2
nanoparticles and nanowires being converted to large Sn particles. Thus, this plasma system

may not be as effective for creating highly sensitive nanomaterials-based gas sensors.
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CHAPTER 5

GAS-PHASE DIAGNOSTICS DURING H2 AND H20 PLASMA TREATMENT OF SnO:2
NANOMATERIALS: IMPLICATIONS FOR SURFACE MODIFICATION

This chapter is based on the work under a similar title submitted to Journal of Vacuum
Science & Technology B Erin P. Stuckert, Christopher J. Miller, and Ellen R. Fisher. The
text, figures, and tables are reproduced here with data collected by Erin and Chris; data analyzed
and manuscript written by Erin and Ellen. This chapter discusses the gas-phase species present
under different plasma parameters with and without SnO2 nanomaterials in H2 and H2Ov)
plasmas. Comparing relative species densities as a result of these different plasma systems
allows for determining the effect of the plasma on the nanomaterial and the nanomaterial on the
plasma. Furthermore, understanding the plasma chemistry of these different plasma systems aids
in elucidating why H20 plasma (a nominally oxidizing system) would reduce SnO2
nanomaterials. Funding for this research was provided by the National Science Foundation

(CHE-1152963).

5.1. Introduction

5.1.1. Limited understanding of pfaa-substrate interactiond.ow-temperature
inductively-coupled plasmas (LT-ICPs) are used for modifying a wide range of materials
including polymeric constructs' and metal oxide nanomaterials,? for use in applications including
biomedical devices,? textiles,* and gas sensors.” Choosing the appropriate plasma modification
system, including relevant processing parameters, is essential when a material must have well-
defined chemical and physical properties for a given application, such as nanomaterials for use

as gas sensors. Often, researchers evaluate plasma modification parameter space through
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characterization of the plasma treated nanomaterial.®® This, however, only provides a fraction of
the information needed to determine optimal plasma treatment conditions for a given application.
To understand fundamental mechanisms of plasma surface modification it is necessary to
understand the gas-phase chemistry with and without nanomaterial substrates. This allows for
distinguishing the influence of the substrate on the plasma relative to the influence of the plasma
on the substrate. Such an experimental approach can afford insight into how substrates can
affect plasma chemistry and energetics, which provides a more complete understanding of
plasma surface modification when combined with complementary surface characterization.
5.1.2. Examining the gas phase during plasma surface modificabRf.is commonly
used to detect excited state gas-phase species within LT-ICPs, as it allows for examination of
plasma species without perturbing the plasma.'® OES has also been used to monitor precursor
decomposition,'! detect adsorption/desorption of species from a substrate,'? and determine which
plasma processing conditions lead to nanomaterial growth,'* among other applications.!* > As
measurements can be made in real time, OES can help elucidate reaction mechanisms through
changes in species density. Species quantification (e.g., populations or concentrations) and
characteristic plasma temperatures (e.g., Tr and Tv) can be determined by using an inert gas
actinometer, such as Ar, thereby allowing for species comparison across plasma systems.!® For
example, Trevino, et al.used OES to explore different feed gases and determine detection limits
of known water-contaminating species within plasma systems.!! OES studies of plasmas ignited
using three different feed gases [H2O(v), methanol (CH30OH), and methyl tert-butyl ether
(MTBE)] revealed emission of disparate primary species in each plasma and led to proposed

decomposition pathways of the plasma feed gases. This work increased understanding of H2O(),
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CH30H, and MTBE plasmas, in addition to determining detection capabilities of OES for
specific species considered to be water contaminants.

Trevino, et al.are not alone in using OES to examine plasmas in the absence of
substrates; however, few explicitly use OES to monitor nanomaterial growth or interaction with
plasma species.!”?! To fully comprehend how materials are altered by and may influence
plasma chemistry, it is necessary to monitor gas-phase species under various parameters with and
without the material being modified. Some studies have explored surface characterization of
plasma modified SnO2 materials utilizing techniques such as XPS, TEM, and resistance
measurements to determine the effect of plasma treatment on SnO2 materials.?>>* Each of these
studies focuses solely on the post-modification characterization aspects of plasma processing.
One report, however, addressed this gap in gas-phase detection of plasmas with substrates by
examining recombination of oxygen atoms on n- and p-type semiconductors in low pressure rf
plasmas.?® Guyon, et al’s work focused on observations of activation energies and
recombination coefficients while altering surface chemistry. Although this study analyzed
certain aspects of the plasma upon addition of a substrate, variations in plasma-species
concentrations as a result of different nanomaterial substrates or as a result of detection location
along the reactor were not measured. Ultimately, no works to date have directly incorporated
OES analysis to understand plasma-surface interactions with SnO2 nanomaterials. It is through
the combination of such gas-phase diagnostics and materials characterization techniques that a
comprehensive understanding of nanomaterial plasma surface modification can be achieved.

5.1.3. Detecting oxidative and reductive plaspacies as a result of plasma parameters
and presence of a substrat@/ith the current work presented herein, we make progress toward

understanding plasma-surface interactions when modifying materials for a particular application.
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Specifically, in prior work, we used H2O() plasmas to surface modify SnO2 nanowires and
nanoparticles.”> Although others?”-?® had concluded H20 plasma has an oxidizing effect on
similar materials, we found H20 plasmas actually reduced Sn** to Sn” in SnO2 nanomaterials.
Thus, one goal of this work was to understand relative concentrations of species that were
present in the gas phase with and without SnO2 nanomaterials in the plasma systems as this could
provide insight into surface modification mechanisms. To ascertain which species in H2O
plasma lead to reduction of tin in SnO2 nanomaterials, we also treated SnO2 nanomaterials with
reducing H2 plasmas to compare its effects with those of H20O plasma, which contains both
oxidizing (e.g., O, O*, OH*) and reducing (e.g., H, H*) species. Both plasma systems use

~10 % by pressure Ar as an actinometer to determine relative species densities.

5.2. Resultsand Discussion

5.2.1. Observing nanomaterial morphology before and after plasma treatSiévit.
images of SnO2 nanoparticles and nanowires, Figure 5.1, show the different morphologies and
surface coverage for untreated, Hz and H20 plasma-treated nanomaterials. UT nanoparticles
cover the ZrO: surface in a thin film with particle diameters ranging 10-50 nm, where most
particles appear to fall closer to the lower end of this range.”> Nanowires, grown via the VLS
CVD mechanism,*-*° have an interconnected network covering the ZrO: surface. UT wires are
a few microns in length with diameters ranging 10-50 nm, averaging around 20 nm; as discussed
previously in Chapter 3 and 4, nanowire dimensions are dependent on Au nanoparticle
dimensions and CVD parameters.’! Overall, these images show significant differences in

morphology and ZrO2 coverage for the different UT SnO2 nanomaterials.
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Figure5.1. SEM images of SnO2 nanoparticles (top) and nanowires (bottom) with untreated
(left), H2 plasma treated (middle), and H2O plasma treated (right) (150 W, 80 mTorr, 5 min).
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5.2.2. Determining changes in bulk struet@nd surface chemistry with plasma
modification. As noted in Chapter 1 and Section 5.1, plasma treatment can effectively modify a
range of materials, often with no change in substrate morphology or bulk structure. Here, we
plasma treated the SnO2 materials with Hz for control and comparison to H2O plasma treatments.
Interestingly, tin reduction in the nanomaterials occurs upon Hz plasma treatment confirmed by
XPS shown in Figure 5.2. With H20 plasma treated nanomaterials, this was verified by PXRD
and XPS data shown in Chapter 4.° SEM images, Figure 5.1, show larger particles post-Hz
plasma treatment (diameters approaching 100 nm). Although the nanoparticles show slight
changes in morphology after H> plasma modification, H> NW appear to have no structural
changes, as the original wire dimensions are maintained post treatment. Notably, this is not the
case after H2O plasma treatment of either nanomaterial. Nanoparticles and nanowires form
micron sized Sn aggregates [supported by EDS and XPS analyses (Chapter 4)],%°> whereby the
discontinuous surface coverage leads to exposure of underlying zirconia. Although the images
shown in Figure 5.1 are of materials treated in plasmas at the upper end of the power range
evaluated here (150 W), our prior study in Chapter 4 showed that tin reduction and aggregation
are observed to a lesser degree for P =30-100 W H2O plasmas.”> Furthermore, materials
characterization (e.g., SEM, XPS, PXRD)* showed different compositions and morphologies
resulted from H20 NP relative to H2O NW. These data indicate that not only is the interaction of
H20 plasma with SnO2 nanomaterials somewhat unexpected (i.e., a reductive rather than
oxidative response), but it also varies with substrate morphology. These dramatic changes in
morphology and composition can significantly affect the conductivity of plasma-treated

materials for conductivity-dependent applications. Thus, further examination of plasma species
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Figure5.2. High resolution O1s and Snza XPS spectra of SnOz (a-b) nanoparticles and (c-d) nan-
owires treated with a Hz plasma (80 mTorr, 5 min) at P = 30, 60, 100, or 150 W.
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was needed to elucidate potential underlying causes controlling the extent of modification and
corresponding materials properties and morphology.

5.2.3. ldentification of plasma specidaitial gas-phase experiments focused on
emission within the coil region of the reactor because our prior studies modified SnO2
nanomaterials placed in the center of the plasma induction coil. For comparison, OES spectra
were collected for both H2 (our model reducing plasma system) and H20 plasmas (the system
previously used to modify SnO2 nanomaterials) with no substrate in the plasma. OES spectra for
H: plasmas, Figure 5.3, reveal emission arising only from hydrogen and argon species without a
substrate present, where the Hqa peak (656 nm) dominates the spectra. In H20 plasmas, Figure
5.4, we witness emission from these species as well as oxygen-containing species, including OH
radicals and O atoms, in the absence of a substrate. Regardless of the plasma precursor, addition
of a nanomaterial to the plasma results in formation of OH* under all plasma powers. Although
this finding is not surprising for H20 plasmas because the precursor decomposition can easily
lead to OH radical formation in the plasma,'' OH* formation in Hz plasmas is somewhat
unexpected. Given that we do not measure OH* in the H2 plasma when no substrate is present,
OH* production is likely occurring through removal of oxygen from the SnO2 nanomaterial. In
addition to emission from OH*, we also observe formation of gas-phase Sn* atoms, Figure 5.3
(b), which must arise from interactions of plasma species with the SnO2 nanomaterials.
Specifically, Sn* is detected in Hz2 plasmas at P = 100 and 150 W when treating nanomaterials.
Detection of OH* and Sn* species clearly indicates H2 plasmas behave as etching systems for
SnO:2 nanomaterials, where the intensities of emission signals arising from Sn* and O*/OH*
likely correlate to etching rates. These data indicate surface oxygen is selectively etched in Hz

plasmas at low P (only OH* observed), whereas at higher P, plasma species have sufficient
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Figure5.3. Raw OES spectra for the full spectral range (a) and a narrower range from 230-
340 nm (b) for H2 plasma treatments (150 W, 80 mTorr, 5 min) without a substrate, with SnO2
nanoparticles, and with SnO2 nanowires. Peaks are labeled with the corresponding species

where * is used to label Sn peaks.
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Figure 5.4. Raw OES spectra for the full spectral range (a) and a narrower range from 230-
340 nm (b) for H20 plasma treatments (150 W, 80 mTorr, 5 min) without a substrate, with SnO2
nanoparticles, and with SnO2 nanowires. Peaks are labeled with the corresponding species.
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energy to remove both oxygen and tin (both OH* and Sn* observed). Nanomaterial
morphology, or more specifically nanomaterial surface area, does not significantly affect etching
in H2 plasmas. Unfortunately, it is more difficult to determine if etching occurs during H20
plasma treatment using OES spectra, because Sn is not detected in the gas phase and OH* is
naturally formed in H20 plasmas. Because of the gas-phase evidence of etching in Hz plasmas
we hypothesize that hydrogen plasma species (i.e., H*) in H2 plasmas are more efficient at
etching and/or are more energetic than those found in H20 plasmas (at the same P).

5.2.4. The effect of substrate and plasma parameters on plasma temperétuges
further insight into the energetics of the two plasma systems we determined excited state TR(OH)
and Tv(OH) through simulation of spectral data, shown in Figure 5.5. Temperatures are
calculated for OH because it is a species that changed more drastically than other species with
different plasma parameters. Specifically, OH is always present in H20 plasma, but is only
observed in Hz plasma in the presence of a SnO: substrate. Such changes in both the presence
and intensity of gas-phase OH were further explored to determine if there were also differences
in plasma temperatures for the given plasma parameters. Thus, within H2 and H20 plasmas OH
is of particular interest as a diatomic species that can be modelled with LIFBASE software.
Tables 5.1 and 5.2 provide the results of such simulations for a range of plasma parameter
spaces. Under all conditions evaluated in H20 plasmas, Tv(OH) = 3600 K and TrR(OH) = 2100 K
with or without a substrate and regardless of substrate type. Some Tr(OH) and Tv(OH) values
measured in H2 plasmas appear to be within the same range as those calculated for H2O plasma,
whereas others appear to be greater than those in H2O plasma. It is possible that all TR(OH) and
Tw(OH) values for H2 and H20 plasmas actually lie within the same range. Given the low OH

emission peak intensity in the spectra for H2 plasma, however, we are unable to achieve peak
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Figure5.5. OH emission spectra fit with spectra simulated using LIFBASE for (a) H2O/Ar
plasma and (b) H2/Ar plasma (150 W, 80 mTorr) with a nanowire substrate at the 4 min time
point in a 5 min treatment.
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Table5.1. Rotational and vibrational temperatures for OH in the coil®®

Power | Time TrR(OH) (K) Tv(OH) (K)
Precur sor (W) Po!nt no ficl . no ticl .
min) | substrate particles wires substrate  Paticles wires
30 0.5 — 2130 (10) 2090 (10) — 3610 (10) 3640 (10)
4 2290 (20) 2150 (10) 2430 (20) | 3540 (10) 3600 (10) 3670 (10)
H,O/Ar 60 4 2550 (20) 2090 (10) — 3510 (10) 3490 (10) —
100 4 2090 (30) 2120 (10) — 3480 (10) 3480 (10) —
150 0.5 — 2280 (10) 2070 (10) — 3560 (10) 3660 (10)
4 1740 (30) 2040 (10) 2100 (10) | 3460 (10) 3490 (10) 3650 (10)
100 4 — 2330 (20) 3220 (30) — 3970 (30) 3740 (30)
Ha/Ar 150 0.5 — 1800 (40) 3570 (30) — 3930 (30) 3630 (30)
4 — 3050 (20) 5400 (20) — 4020 (20) 3450 (20)

*Time points were chosen for comparison during a 5 min total treatment time. °Errors de-
noted in parentheses are percent (relative) uncertainty calculated from standard deviation of
the experimental trials or propagated through several trials arising from error associated with
the calculated spectral fits, reporting whichever was largest.
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Tableb5.2. Rotational and vibrational temperatures for OH**©

Power Tr(OH) (K) Tv(OH) (K)
(W) H>0 H20/Ar H>0O H>O/Ar
30 2740 2290 (20) 3740 3540
60 3410 2560 3760 3510
100 1900 2090 (30) 3750 3480
150 2100 (40) 1740 (30) 3780 3460

?Temperatures given are for plasma systems (no substrate). All temperatures were calculated
at the 4 min time point in a 5 min treatment. °Errors denoted in parentheses are percent (rela-
tive) uncertainty calculated from standard deviation of the experimental trials. “For values
that do not have an error reported in parentheses, the estimated error is 10% (relative) uncer-
tainty propagated through several trials arising from error associated with the calculated
spectral fits. [If error is reported as 10%, this indicates experimental reproducibility (standard
deviation) or error was less than that inherent in the fits in LIFBASE software. |
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correlations >0.9, which we were routinely able to do when fitting spectra from H20 plasmas.
The limited signal intensity is likely a result of two experimental factors: (1) emission being
collected for a cross-section of the reactor instead of coaxially along the length of the reactor and
(2) the small substrate surface area relative to the total volume of the plasma reactor. Overall,
the higher OH signal intensity in H20O plasmas allows for less variation from trial to trial.

Tr(OH) and Tv(OH) values have been measured in other plasma systems under various
conditions. Some studies have used OES and LIFBASE to match experimental spectra with
simulated spectra to determine rotational temperatures for excited state species, whereas others
have used laser-induced fluorescence techniques to examine rotational temperatures of ground
state species. TrR(OH) values reported for excited state and ground state OH in these reports
range from 350-800 K with Tv(OH*) = 1550 - 6500 K.!*32-3% These results suggest that although
our plasma systems have vibrational temperatures aligned with other plasma systems, the H20
and Hz plasmas examined in this work are rotationally hotter than previously observed. This
may be a result of the plasma precursor and reactor systems being different than those utilized in
other reported research. For example, Bruggeman and coworkers measured OH radicals in

atmospheric pressure plasmas,?! ¥

which are much more likely to result in sufficient collisions to
reduce rotational temperatures to roughly room temperature. In other studies, OH radicals were
formed through the collision of Oz with an organosiloxane;** 3 thus, the bimolecular collision
formation mechanism could influence the internal temperature of reaction products. Similarly, in
our system, the SnO2 nanomaterials create yet another pathway (i.e., as opposed to unimolecular

decomposition of H20) for formation of both ground state and excited state OH, again

potentially influencing the internal temperatures of the OH radical.
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5.2.5. Plasma species capable of etchingzS@ven the plasma temperatures
calculated for the precursor systems, it is useful to consider which gas species have the potential
to be etchants in both plasma systems. H* and Ar* are the most likely etchants as they are the
most abundant species present within Hz plasmas (other than Hz) and are also present in H20
plasmas. Argon species (Ar, Ar', ArH") also have the potential to etch SnO2 within either
plasma system. Although we cannot rule out a small contribution from Ar" and ArH" ion-
assisted etching, we do not believe this is a significant factor given the low ionization of our
plasmas (ion species density << radical species density << neutral species density).>>
Furthermore, if Ar species were the primary etchants, we might anticipate detecting O* (g), even
without a substrate in the plasma as etching of the SiO2 reactor walls would likely also be
occurring. Although the lattice energies of SiO2 and SnO: are not the same (lattice energy of
SiO2 is ~1.2 times larger than the lattice energy of SnO2 based on a basic calculation®), it seems
plausible that some reactor wall etching would occur if Ar" or ArH" were significant etchants.
Given that etching is observed in the absence of Ar in the feedgas, this leads to the conclusion
that hydrogen atoms are likely the primary etchant in H2 plasmas. A potential mechanism is

shown in reactions 1-3, wherein ¢ indicates a radical site formed on the nanomaterial surface.

Ho* (g) > 2 H* (g) )
H* (g) + SnOz (s) > OH (g) + *SnO (s) + &~ (2a)
OH (g) + ¢~ > OH* (g) + ¢~ (2b)
4H* (g) + SnO2 (s) > Sn (g) + 2H20 (g) (3a)
Sn(g)+e D Sn* (g)+e (3b)

A similar process likely occurs in H20 plasmas with the source of H* being H20.
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5.2.6. Examining relative species densitdssa function of plasma parameters and
presence of a substrat@&urther spectral comparison explored how plasma parameters affect the
intensity of specific gas species in both plasma systems and to elucidate further details about the
H:0 plasma systems indiscernible from observing the raw spectra alone. Thus, we performed
actinometric calculations to determine In/Iar, lon/I/ar, Isn/Iar, and In2/Iar (i.€., relative species
concentrations) for a range of P for both plasma precursor systems and nanomaterials.
Measurements were made in two locations, the center of the coil region and 26.5 cm downstream
from the coil. Given the experimental limitations of cross-sectional detection and small sample
size, all Isn/Iar values measured in Hz plasma were the same (Sn* was not detected above of the
noise in H20 plasma), within experimental error, regardless of substrate morphology. Similarly,
Ion/Iar values measured in Hz plasmas were the same within error at all P for nanowires and
nanoparticles. Figure 5.6 shows [OH*] remains relatively constant over the 5 min treatment for
all H20 plasma conditions when treating nanomaterials in the coil. H20 plasmas with nanowire
substrates generate higher [OH*] than plasmas containing nanoparticles, especially at lower P.
Furthermore, H20 plasma systems have the highest [OH*] at P =30 W when treating
nanoparticle substrates, whereas the greatest [OH*] occurs at P =60 W when treating nanowires.
These different P at which maximum [OH*] is observed indicate H20 plasma species interact
differently with SnO2 nanoparticles than nanowires.

Another metric of interest to compare between the two plasma systems is [H*] measured
in the coil, Figure 5.7. For Ha2 plasmas, [H*] remains constant over the 5 min treatment time for
treatment of nanoparticles and nanowires at all P. Both materials show the highest [H*] at 30 W,
with [H*] for P =60-150 W being essentially the same, regardless of P. The observation of

higher [H*] at P =30 W may indicate that H atoms are less likely to recombine at lower P than
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Figure5.6. Relative OH* concentration as a function of time and P in H20 plasma treatment of
(a) SnO2 nanoparticles and (b) SnO2 nanowires, all at 80 mTorr total system pressure.
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Figure5.7. Relative H* concentration as a function of time and plasma power in Hz plasma
treating (a) SnO2 nanoparticles and (b) SnO2 nanowires and in H20 plasma treating (c) SnOz na-
noparticles and (d) SnO2 nanowires, all at 80 mTorr total system pressure.
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at P> 60 W in Hz plasmas.’”-3® Although higher [H2*] (I2/Iar data shown in Figure 5.8) at
P =30 W is also observed, indicating low H2 dissociation, these two trends may suggest that less
H: dissociation occurs at 30 W than at higher powers, but once dissociation occurs, the H* is less
likely to recombine. In contrast, [H*] changes dramatically in H2O plasmas depending on the
type of substrate being treated and as a function of time, Figure 5.7 (c-d). These [H*] variations,
or lack thereof, are indicative of the increased likelihood of H atoms to react and form additional
hydrogen species in the gas phase of H20 plasmas as compared to H2 plasmas.?’- 3% 4°
Furthermore, observed decreases in [H*] suggest it reacts to form OH*, H2*, and other hydrogen
species (e.g., H™).

Under similar plasma parameters, [H*] > [OH*] in both plasma systems, with higher
[H*] and [OH*] on average measured in the H20O plasma than in the H2 plasma, Figures 5.6 and
5.7. Such results are consistent with the persistent source of hydrogen atoms in both systems. In
H20 plasmas, H* is less likely to recombine to form H>* than it is in H2 plasma (as indicated in
Figure 5.8). Additionally, we detect higher [OH*] in H20 plasmas than in H2 plasmas as H20
plasma can form OH* whether or not SnO:z is present. Thus, with a SnO2 nanomaterial substrate,
H20 plasmas have two oxygen sources: H20, which is continuously flowing, and the
nanomaterial from which oxygen can be abstracted. In contrast, H2 plasmas have only a single
source of oxygen (the nanomaterial substrate). Formation of OH radicals, therefore, can occur
continuously during H2O plasma treatments, but the nanomaterial may serve as a limiting reagent
in H2 plasmas, especially if all surface oxygen is removed from the nanomaterial.

Interestingly, we detect more [H*] than [OH*], or at least equivalent concentrations, in

H:0 plasmas. Specifically, [H*] = [OH*] in H20 plasmas with nanoparticles, but with

nanowires, under the majority of P conditions (i.e., 100 and 150 W), [H*] > [OH*]. These data
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Figure5.8. Relative H2* concentration as a function of time and plasma power in Hz plasma

treating (a) SnO2 nanoparticles and (b) SnO2 nanowires and in H2O plasma treating (c) SnO2 na-
noparticles and (d) SnO2 nanowires, all at 80 mTorr total system pressure.
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demonstrate that at lower P, the H20 plasma tends to contain more oxidizing species (e.g., OH
radicals), whereas at higher P, it contains more reducing species (e.g., H atoms). Furthermore,
reducing species concentrations (i.e., H*) are significantly higher when treating nanowires in
H20 plasmas, than when treating nanoparticles. These differences in reducing species
concentrations may contribute to the observed tin reduction and morphological changes in
nanowires over a wider range of plasma parameters than found with nanoparticles.”> Overall, the
predominance of H* over OH*, the presence of Sn in the gas phase, and surface characterization
data (SEM and XPS data presented in this study as well as our prior study (Chapter 4)*°)
collectively demonstrate that at high P, H20 plasma treatments of SnO2 nanomaterials remove
nearly all lattice oxygen, leaving behind mainly Sn in an altered morphology with minimal
adsorbed oxygen.? Thus, these data support the hypothesis that H2O plasma conditions used to
modify SnO2 nanomaterials are more reducing than oxidizing in nature, making them very
similar to Hz plasmas.

5.2.7. Observing relative plasma speciessiies along the length of the reactdro
determine if the gas-phase trends observed in the coil region were the same in the plasma
afterglow, we monitored gas-phase species 26.5 cm downstream for a subset of parameters (i.e.,
power and nanomaterial type), Figure 5.9. All [Sn*] detected downstream remained within error
of [Sn*] measured in the coil (data not shown), indicating that Sn atoms removed from the
substrate likely remain in the gas phase or react with the surface at the same rate they are being
removed. Contrary to results for [Sn*], higher [OH*] was measured downstream compared to
that measured in the coil for 60 and 150 W Hz and H20 plasmas in the presence of nanoparticles.
Specifically, downstream [OH*] in H2 plasmas are consistently three to four times greater than in

the coil throughout the 5 min treatment, whereas those in H20 plasmas are only ~0.8 to 1.2 times
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greater than in the coil. [OH*] downstream and in the coil remains relatively constant over the
5 min Hz plasma treatment, but shows an increase over time in H2O plasmas. Despite these
differences, [OH*] ranges from 0-4 for all plasma parameters in both H2 and H20 plasma
systems. Given greater [OH*] downstream than in the coil in H2 plasma and minimal oxygen
remaining in the nanomaterials post-treatment, it is probable that OH* forms in the coil, moves
downstream, and is removed from the reactor with limited interactions with SnQOx.

Additional insight into the two plasma systems arises from comparing [H*] downstream
and in the coil, Figure 5.9 (b, d). In H2 plasmas with nanoparticles, [H*] in the coil region is
approximately twice that measured downstream, as expected given the constant source of Hz gas
which can dissociate to form H* in the coil. Further downstream, H atoms can react with the
SnOz surface to form OH*, or recombine to form H2* as shown in the Figure 5.3 OES spectra.
Moreover, [H*] remains constant over the 5 min treatment for 60 W, suggesting an equilibrium
is reached between production and/or reaction of hydrogen in the coil and downstream. In
150 W Hz plasmas with nanoparticles, however, [H*] in the coil decreases as downstream [H*]
increases, converging at ~1 over the 5 min treatment. These concentration trends at 150 W
indicate that over time, hydrogen is reacting to form new species and/or is not forming in the coil
as quickly as it is forming/moving downstream.’”- 3 Although it is difficult to distinguish Hy*
formed from the precursor gas versus H recombination, our data indicate [H*] ~1 in the coil,
whereas [OH*] ~4 downstream from the coil, corroborating the possible reaction of O* and H*
to form OH*. These trends are not observed in H20 plasmas during treatment of nanoparticles,
as [H*] is ~8 times higher downstream than in the coil. Additionally, [H*] remains relatively
constant over the 5 min treatments. Notably, downstream [H*] in H20 plasmas with

nanoparticles is an order of magnitude larger than for Hz plasmas, regardless of sampling
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location. These differences between plasma systems suggest that once H* is formed in H20
plasmas, it is more likely to either remain unreacted or form OH* after interacting with a
nanomaterial surface than it is to recombine into H>*, as observed in Hz plasmas (Figures 5.3 and
5.4).38

Although the downstream experiments were only completed at P = 60 and 150 W and
only for SnO2 nanoparticles, we believe similar trends can be inferred for 30 and 100 W
treatments. Likewise, the species concentrations measured downstream for H2 and H2O plasmas
when treating nanoparticles will be similar when treating nanowires. This is feasible because the
same etching process (i.e., etchants and the corresponding species being etched) occurs with both
materials and only differs in its P dependence. As such, we expect any tin and oxygen etched
from the nanowires to undergo similar reactions, and thus we anticipate detecting similar gas-

phase species as those described above for H2 and H20 plasma treated nanoparticles.

5.3. Summary and Conclusions

Measurements of Sn*, OH*, and H* species in H2 and H20 plasmas clearly revealed the
etching and reducing nature of H2 and H20 plasmas when interacting with SnO2 nanomaterials.
Specifically, the detection of both OH* and Sn* in the gas phase of H2 plasmas provides direct
evidence that H2 plasmas, and by extension H20 plasmas, etch SnO2. Moreover, in conjunction
with prior surface analysis data,? the gas-phase data presented here indicate H2 plasmas reduce
Sn as expected.*! We also found greater [OH*] in H20 plasmas when treating nanoparticles than
when treating nanowires, further suggesting the materials are etched differently over the P range
studied. These data support the hypothesis that H atoms react with SnO2 nanomaterials in H>

plasmas independent of morphology, whereas such reactions are substrate dependent in H20
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plasmas. Downstream OES measurements show H atoms are more likely to recombine in Ha
plasmas than in H20 plasmas. Notably, comparison of coil and downstream OES data indicates
that under nearly all plasma conditions explored, equivalent or higher concentrations of reducing
species are formed in H20 plasmas when treating SnO2 nanoparticles and nanowires. Thus, this
study reveals that H2O plasmas reduce SnO2 nanoparticles and nanowires when reducing species,
such as H atoms, exist in greater concentrations than oxidizing species (i.e., O*, OH*).
Although this may seem an obvious conclusion, this is the first study to directly demonstrate the
underlying chemistry leading to the outcome of Sn reduction in H20 plasmas generally thought
to be oxidizing in nature. Perhaps as important, these results indicate the concentrations of
oxidizing and reducing species can be adjusted by changing P and sampling location within the
reactor.

Further insight into the impact of nanomaterials on the gas phase in a plasma, and the
corresponding SnO2 nanomaterial modification mechanisms, could be gained through additional
studies of plasma energetics and plasma-surface interactions.*” Even without further study,
however, these gas-phase diagnostics emphasize the necessity of comparing plasma gas-phase
species with and without a substrate. Ultimately, these data provide critical information on
plasma-surface interactions during materials modification that help elucidate how plasmas can be

tuned to produce specific materials properties necessary for a chosen application.
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CHAPTER 6

DESIGN AND OPTIMIZATION OF A GAS SENSING SYSTEM

This chapter describes the process of designing a gas sensor and gas sensing system for
measuring resistance of a material when exposed to different gases. In particular, this system
was designed for measuring the resistance of our SnO2 nanomaterials. Details are provided for
the necessary functions of both the sensor and sensing system. Additionally, the evolution of

data analysis procedures is explained. Funding for this research was provided by the National

Science Foundation (CHE-1152963).

6.1. Driving force behind metal oxide semiconductor (MOS) gas sensors.

MOS are often used for gas sensors given they are easy to fabricate and use, in addition
to being capable of detecting both oxidizing and reducing gases. As described in Chapter 1,
given their semiconductor nature, MOS sensors function based on changes in material resistance
upon reactions between gases and surface adsorbed oxygen. As such it is necessary to have

specific features in a gas sensing system to measure gas sensor performance.

6.2. Designing aresistance-based gas sensor and sensing system.

6.2.1. Desired features of gasisers and a gas sensing systéviarious sensing
systems have been designed for examining sensor performance (i.e., sensitivity, response and
recovery). It is, however, less common to find reports that explicitly describe system design or
that provide sufficient detail on sensor fabrication to allow for system replication.!> As such, we

designed a method of sensor fabrication as well as a sensing system capable of meeting a
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fundamental level of needs for performance tests of our materials. Specific features desired for

the sensing system and chamber include:

For the sensing system

1.

2.

8.

9.

Multimeter and laptop with corresponding software for recording resistance
Gas line for air

Gas line for target gas

Sensing chamber to contain the sensor and gas

Flow meter for controlling gas flow

Pressure gauge

Exhaust line

Bubbler for visual of gas flow in case of pressures below pressure gauge

Back up chamber with venting for safety in case of leaks

10. Heater with temperature control/readout

11. Must be air tight for use with toxic gases

For the sensing chamber

1.

2.

3.

4.

Gas inlet and outlet

2 re-sealable ports for connecting sensor electrodes to the multimeter

Sealable port for inserting a heater

Removable port for inserting and removing sensors

Sufficient volume to contain the heater with sensor, and movement of copper leads
Minimal volume for easier chamber evacuation

Withstand temperatures up to 300 °C
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6.2.2. Designing a resistance-legisgas sensing syste/ith the aid of the department
glassblower, Mr. Michael Olsen, a glass sensor chamber (Figure 6.1 (a)) was designed and built
with a volume of ~25 cm?, similar to the volume of other systems reported in the literature.® A
gas inlet and outlet port (2" Ultra Torr fittings) are on opposite sides of the main cylindrical part
of the chamber near the bottom. Directly above the gas inlet port (in a downward facing triangle
arrangement) are two ports with %4” septa screw caps for inserting a single copper lead through
each port. The copper leads were necessary to maintain a closed sensing system while
measuring sensor resistance. Copper was used because of its high conductivity and relatively
low reactivity in our gas environments; any potential variations resulting from gas interactions
with copper should thus be minimal and constant given its use in all sensing experiments. The
two septa ports are halfway up the height of the main chamber (~1.25”). A Rotaviss joint was
used to easily open and reseal the system, necessary for inserting and removing sensors from the
sensing chamber. Specifically, a 45/50 Rotaviss joint roughly the height of the main chamber is
between the gas inlet and outlet ports, where the Rotaviss outlet port is a /4" Ultra Torr port. A
25 mm x 50 mm Watlow Ultramic advanced ceramic heater with maximum temperature of
400 °C measured via a connected k-type thermocouple was chosen for its rapid response (see
Figure 6.2 for specifications). The size of this heater allows for small movements of the sensor
on the heater while connecting the electrodes to the copper wires such that the sensor does not
easily fall off the heater. With the Rotaviss joint open and the heater wires disconnected, the
wires were threaded through the outlet port such that when the Rotaviss joint is closed the heater
will be inside of the center of the main chamber, Figure 6.1 (b). Copper wire was used to
strengthen the wires from the heater to support it mid-air. Epoxy was used to enclose the system

and secure the heater in the Rotaviss port.
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Figure6.1. (a) Initial sensing chamber with ceramic heater inserted, (b) ceramic heater with
wires glued into Rotaviss port, and (c) initial sensing system set-up.

121



REVISION HISTORY

REV. ECO# DESCRIPTION DATE BY ta
18=>20 AWG LEAD 10716/ 2007 YW %
2 NEW FORMAF 8/14/2008 KAH |3
9845010 [#/T0.002{0.05) [A | [£7]0.002{0.05) | g
25.0010.25 ks
| udsn |~ | 3
o
_{ b [5] i
098+.004 !
B g8 [2.50000] | [T 8
&d
22 €
=% | 5
0
w s
% v TYPE K THERMOCOUPLE
TEFLON INSULATED
g |[R€
— i MARKING SLEEVING
i 2 2X 20 AWG SPC TEFLON LEADS |
8. %o “ NOTES:
v w3 A 1. VOLTAGE: 120 VOLTS
v - i 2. POWER: 100 WATTS (NOMINAL) AT 25°C.
. 3. RESISTANCE: 144.00 + 36.00 OHMS AT 25°C.
4. TCR: 00150 + 00025 /°C.
5. MAXIMUM TEMPERATURE: 400°C.
A i UMLESS OIMERWEE peatnsions | OWN:| YW J00/04/07 0% Horan Drive A
SRR T P— Fenton, MO 83026
RACTOuS ke Phone £36-349-5123
SAapart l%im"‘ ENG: Fax 636-349-5352
S S 2
J:Om"l’lﬁl: Md‘mmw; QA ULTRAMIC 600
/ W ct ot e { ADVANCED CERAMIC HEATER |,
subrect 10 palent, Irdemank, :
e plib ot ¢ @ .E} CUSTOMER |&
TERIAL whhlcnnﬂ!‘hc:::mm' SIE | OWG.NO. TEv §
AN vhecs o sclosed I olben gt | o oemeree | A | CER-1-01-00105-Customer] 2 |5
USTOMER Ihe vnvlle;vm wqmgl;:gtm. CADIRTF. HO. WEGH SHEET =
WATLOW SALES | wectiaianeineeci | SFR'1.01-00109 11 | 10F1 [

Figure6.2. Watlow Ceramic Heater specifications.

122

S\Drowingls ond CNC Flles_DeotI\CER-1-0100105\CER- 1-01-00105-Customer



Testing this initial sensing system, shown in Figure 6.1 (c), with the newly designed
sensing chamber, revealed it was difficult to place sensors on the heater, insert both into the
sensing chamber, and close the Rotaviss joint without the sensor falling off of the heater. As
such, it was necessary to add an additional 45/50 Rotaviss joint on the top of the cylinder (Figure
6.3 (a)) for easier and more direct access to the heater when inserting and removing sensors from
the sensing chamber. This top joint was created with a closed insert, unlike the side Rotaviss
joint for the heater, to maintain a small volume (~25 cm®) when adding the joint, see Figure 6.3
(b). Special hook/clamp leads were purchased for the multimeter, which helped to keep constant
contact between the multimeter leads and the copper leads connected to the sensor, Figure 6.3
(c). When running initial sensor response studies and testing the heater capabilities, however,
the heater would tend to droop enough such that contact between the electrodes and copper wires
would change slightly. This shift in contact caused changes in resistance that would be
potentially difficult to distinguish from resistance changes as a result of heating or gas-surface
interactions. To eliminate potential shifts in heater location, a hollow ceramic cylinder ~1 tall
was placed beneath the heater to provide consistent support of the heater and maintain constant
contact between the electrodes and the copper wires, Figure 6.3 (d).

Extra safety containment for the sensing chamber was designed based on the principles of
a functioning fume hood, whereby the exhaust line had sufficient pull to evacuate the inside of
the safety containment. The walls are made of '4” thick plastic with holes drilled or cut out for
the gas inlet and exhaust lines. The walls were attached by applying small amounts of
dichloromethane along the edges to sufficiently melt the plastic while clamping the corners

together. The walls were allowed to sit and dry for ~1 hour before removing the clamps. The
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Figure 6.3. (a) Modified sensing chamber with additional Rotaviss joint as shown in (b), with
multimeter clamp leads shown in (c) and (d) providing a close-up view of the heater sitting on a
ceramic tube holding it in place across from the copper leads with the Rotaviss joint from above

seating just above the copper leads.
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completed containment and final sensing system are shown in Figure 6.4 (a), with a schematic to
scale including dimensions in Figure 6.4 (b).

6.2.3. Sensor fabrication methodoyoigr resistance measuremenubstrates chosen
throughout the studies presented in this dissertation were approximately 1 x 1 cm?, allowing
sufficient surface area for completing necessary analyses and sensor fabrication while not using
excessive amounts of materials. Silver conductive paste was used to attach ~1 cm long silver
wires as electrodes to the substrate.®® Silver was the chosen material for the paste and the wire
as both are relatively inert and conductive but are more cost-efficient than alternatives such as Pt.
The amount of conductive paste needed to securely attach wires to the substrates was found to be
approximately the size of observed lead for a #2 pencil. This amount allowed for the wire end
(~1-2 mm) to be completely encased in the paste and resulted in adequate surface area of paste in
contact with the substrate surface after curing the paste for 1 hour at 120 °C. When less paste
was used, electrodes tended to fall off of the substrate upon heating the sensor or applying slight
pressure when connected to the copper lead. The silver wire was long enough to attach to the
substrate and bend to maximize contact with a copper lead wire which was connected directly to
the multimeter leads. The final sensor connected to the copper leads ready for testing

performance is shown in Figure 6.5.

6.3. Sensor performance data analysis

To gain as much information as possible about changes in resistance as a function of
temperature (Ts), as well as how a sensor will behave after being heated and cooled down,
experiments were started at room temperature, with Ts gradually heated up to 300 °C and then

gradually cooled back down to 25 °C. Representative raw resistance data collected during an
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Figure 6.4. The final sensing system set-up and containment (a) and a schematic to scale with
corresponding dimensions (b). (OD-outer diameter, ID-inner diameter)

126



Figure6.5. A top-down view of the sensor placement in the sensing chamber (a) with a close-up
view of the sensor connected to the copper leads (b).
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individual sensing experiment are shown in Figure 6.6, where each step is labeled with the
corresponding Tsat which the resistance data were collected. This process should account for
changes in oxygen species adsorbed on the sensor surface due to adsorption and desorption
processes that occur at different temperatures. Collection times and iterations (as shown in the
LabVIEW SignalExpress software) are recorded for each temperature step and upon reaching
steady state resistance (>10 min for total collection time at steady state resistance). Final
approximate resistance for each temperature is recorded, such that these pieces of information
can be used to locate the different temperature steps in the raw data during processing. By
allowing the resistance to reach a steady state at each temperature, we can more accurately
determine an average resistance value for elucidating sensitivity. Additional future
modifications to the system will allow for the collection of response and recovery data over
much shorter time frames (on the order of seconds instead of several minutes).

Resistance was recorded for UT materials and for plasma treated materials during
exposure to air, CO, and CsHe, with a new sensor used for each individual test in a single gas
sample. Upon collection of the resistance data using National Instruments LabVIEW
SignalExpress software, the raw resistance data as a function of iteration are exported as Excel
files. Three or more trials were completed for each set of parameters described in Chapters 3 and
7 for UT, Ar/O2 and H20 NP and NW. Each trial was then processed using the following
procedure. Utilizing the data sort functions in Excel combined with the iteration and resistance
recorded for each sensing trial, we sorted the data into resistance per each Tsstep. The average
resistance with standard deviation was calculated for each Tsstep. Thus, each Tshas two
different values for average resistance (representing both heating and cooling) with

corresponding standard deviation except 300 °C. To account for not recording resistance twice
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Figure 6.6. Representative raw resistance data for untreated SnO2 nanowires exposed to
100 ppm CO where each step is labeled with the corresponding Ts at which the resistance data
were collected.
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for 300 °C, we collect resistance for twice as long (~20 min) to average the same number of
iterations accounted for at all lower Ts. Upon analyzing all trials for a given set of material
parameters, the average resistance values for each Ts were then averaged with error propagated
across all trials for a final average resistance with error for each Ts. These final averages were
used to calculate sensitivity toward CO and C¢Hs for all material parameters and temperatures by
calculating the ratio of the resistance in air (Rair) at a given Tsto the resistance in target gas (Rgas)
for the same Ts (i.e., Rair/Rgas) or the reciprocal depending on whichever calculation resulted in a
value >1. The reasoning behind using these two different ratios to describe sensitivity and

specific sensing experiments are further discussed in Chapter 7.

6.4. Avenues of system/fabrication alterationsfor further performancetesting.

To measure response and recovery times by exposing the sensor to short bursts of target
gas, the system needs to be slightly altered to reproducibly turn gas flow on and off over an
extended period of time. One potential approach to this problem lies with using mass flow
controllers combined with LabVIEW programming to control the on/off time of gas flow into the
system as was previously utilized in our lab to create gradient films.’ This process can also be
applied to vary concentrations of CO and C¢Hs by using flow controllers to accurately introduce
a mixture of air and either target gas to create concentrations <100 ppm. This process will allow
for determining the sensitivity of the different UT and plasma treated nanomaterials toward
different CO and CsHs concentrations. Additional testing of mixed gas systems will require
adding more gas lines with the potential for using mass flow controllers to tune the flow

rates/percentages of different gaseous components. These more complex systems will allow for
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determination of selectivity for the UT and plasma treated nanomaterial sensors beyond our
current gases tested.

Alternative sensor fabrication techniques can also be considered. Different metals such
as gold or platinum could be used for the electrodes and conductive paste to provide a
comparison to the silver electrodes and paste. These comparisons could help to determine how
much of a role the metal type has on sensor sensitivity.!” Additionally, utilizing
photolithography or different patterning processes to deposit sensor electrodes may result in a
more reproducible sensor fabrication method than the one described herein. The addition of a
micro heater with patterned electrodes could also eliminate some of the issues we had with
maintaining a constant distance between sensor and heater or electrodes falling off the sensor as
a result of too much pressure from the copper electrodes.'!"!3

The current gas sensing system set-up was designed to allow for a great deal of flexibility
such that different features could be modified to add additional performance tests to our current
studies. Furthermore, by trying different metals and methods of electrode attachment, we may

be able to increase fabrication reproducibility from sensor to sensor. Some of these alterations to

our sensing platform are already in progress, with others to be considered for future studies.
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CHAPTER 7

THE EFFECT OF Ar/O2 AND H20x) PLASMA TREATMENT OF SnO2 NANOPARTICLES
AND NANOWIRES ON CARBON MONOXIDE AND BENZENE DETECTION

This chapter is based on the work submitted to ACS Applied Materials & Interfaces,
written by Erin P. Stuckert, Christopher J. Miller, and Ellen R. Fisher. The test, figures, and
tables are reproduced here with data collected and analyzed by Erin and Chris; manuscript
written by Erin and Ellen. This chapter details the sensor performance for devices fabricated
from UT, Ar/O2 and H20 plasma treated SnO2 nanoparticles and nanowires. Specifically,
sensitivity toward 100 ppm carbon monoxide and 100 ppm benzene are examined at different
temperatures ranging 25-300 °C. Prior materials and gas-phase data presented in Chapter 3-5 are
used to examine structures and properties that may lead to the observed sensor performance. In
particular, this chapter encompasses the aim of this project by tying together potential structure-
property-performance relationships that were gradually built upon throughout this dissertation.

Funding for this research was provided by the National Science Foundation (CHE-1152963).

7.1. Introduction

This study describes the sensing performance of untreated (UT) and plasma treated SnO2
nanomaterials as an important component of our holistic approach to creating sensitive, targeted
gas sensors. This work builds on our prior studies analyzing material structure and properties of
SnO> nanomaterials before and after plasma modification.!? It is particularly important to
elucidate connections between these different features to understand structure-property-
performance relationships essential to creating sensitive and selective sensors in a targeted and

meaningful way. Therefore, this investigation focuses on sensor performance, drawing on earlier
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characterization data to explain what materials chemistry and properties lead to specific sensor
capabilities.

7.1.1. Methods for improving gas sensor capabilities. The need for sensitive and
selective gas sensors arises from continued, often increasing, emission of toxic gases such as
carbon monoxide, nitric oxides, benzene, and formaldehyde. Exposure to these gases causes
adverse health effects necessitating the design of numerous gas sensors as early warning
systems.*” Despite this emphasis on reliable detection, many sensors have limited sensitivity
and selectivity toward some gases;>? others require elevated operating temperatures that limit
sensor lifetime.!"!* Notably, although gas sensors from a wide array of materials and
morphologies (from polymers to metal-oxide-semiconductors (MOS) and from thin films to
nanomaterials) have been used,'*!® MOS nanomaterials are a current area of intense focus.
Advantages of these materials in sensor applications include their cost efficiency over other

),1-2! and their effectiveness that arises from

options, such as precious metal doping (e.g., Pd, Pt
utilizing changes in metal oxidation state (and thereby charge transfer through the material) as a
result of gas-surface interactions, to detect and differentiate gas species.!”- 2226 SnOz, in
particular, is often used for its dual valency (Sn*" and Sn*), which can aid in creating sensitive
sensors.?’"? Additionally, the increased surface area of nanomaterials over thin films allows for

more oxygen to adsorb to the sensor surface, maximizing sensor sensitivity.>*-32

19,21, 33, 34

Many studies continue to seek different dopant-MO pairings and alternative

MOS nanomaterial morphologies/architectures to develop next generation gas sensors.>> %
Sensor material fabrication and surface modification utilizing plasmas, however, is an often

underutilized approach to altering sensor materials in a focused manner. This methodology has

an expansive parameter space that can be utilized to tune surface chemistry with a greater degree
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of control than is sometimes possible with alternative wet chemical processes.’”® Despite

)32:39-41 or similar

extensive use of plasma enhanced chemical vapor deposition (PECVD
processes (i.e., plasma enhanced atomic layer deposition, PEALD)**** for nanomaterial growth
or fabrication, few studies have exploited plasma modification of sensing nanomaterials, and
those that do mainly focus on O2 or Ar/Oz plasma treatment.*>° A few studies on alternative

plasma precursors such as Hz2, N2, H20, and halogen-based have been reported,?® 3154

indicating
SnO:2 nanowires with enhanced sensing capabilities can be further improved with respect to
sensitivity and selectivity via plasma treatment.

Kim et al.*® and Pan et al.*®

both treated SnO2 nanowires with Ar/O2 plasmas, but had
differing results because the former study used an atmospheric pressure plasma, whereas the
latter employed a low pressure rf plasma. Kim et al. found longer treatment times resulted in
clusters of small particles or monolithic structures encasing individual nanowires of the
interconnected nanowire network, but the bulk SnO2 structure was maintained. Furthermore,
with longer plasma treatment, SnO2 nanowires showed greater changes in resistance, or higher
sensitivity, than UT nanowires upon exposure to NOz2. Response and recovery times also
increased with plasma treatment times. In contrast, Pan ef al. changed the applied rf power

(P =10-80 W) while holding treatment time constant at 4 min. Similar to Kim et al., Pan et al.
observed changes in morphology as a result of plasma treatment; at higher P, an amorphous layer
formed around the crystalline SnO2 nanowire core. They also observed Sn reduction at

P >40 W, such that the amorphous overlayer became Sn particles, with an accompanying
decrease in sensitivity toward ethanol gas. Despite decreased sensitivity observed with certain

plasma parameters in these two studies, each demonstrated plasma treating SnO2 nanowires can

enhance sensor sensitivity.
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7.1.2. Plasma-modified SnO2 nanomaterials and sensor performance. Our initial studies
of plasma surface modification of SnO: sensor materials employed Ar/O2 and H2O) plasmas.!
The first of these was chosen for direct comparison to the literature; moreover, Ar/O2 plasmas
etch SnO: to create surface oxygen vacancies, thereby enhancing gas-surface interactions while
maintaining the bulk SnOz structure. * % These studies of Ar/O2 plasma treatment of SnO:
materials revealed increases in adsorbed oxygen under some treatment conditions, specifically at
P >100 W, without any changes to tin oxidation or morphology. The second plasma treatment
system was chosen as an alternative, nominally oxidizing plasma system. H>O plasma treatment
resulted in increased oxygen adsorption to a lesser degree than Ar/Oz treatment. Additionally,
H:0 treatment resulted in Sn reduction that increased with higher P, leading to morphological
changes not observed with Ar/Oz plasma treatment.

The two plasma systems resulted in different material chemistry and morphology
changes, which were further varied as a function of initial nanomaterial morphology.! Here, to
determine which nanomaterial and plasma modification parameters were most effective at
enhancing sensor performance, resistance was measured as a function of temperature for all UT
and plasma treated nanomaterials as they were exposed to air, carbon monoxide, or benzene. CO

33-39 whereas CsHe

sensitivity was determined for comparison with numerous literature studies,
sensitivity was examined to increase our understanding of sensor activity beyond the current,
limited knowledge of SnO2 nanomaterial-based sensors for benzene detection.?® 6% Sensor

performance data were evaluated in relation to both oxygen adsorption chemistry as a function of

substrate temperature (7s) and to specific materials characterization data published previously.!>?
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7.2. Results

7.2.1. Sensor response to CO and CsHs. Figure 7.1 shows sensor response (Rair/Rgas) to
the target gases CO and CsHe as a function of 7s for all UT and Ar/O2 plasma-treated
nanoparticle and nanowire sensors. Notably, sensor response to the two gases displays varying
degrees of temperature dependence. In general, UT and Ar/O2 NP sensors (Figure 7.1 (a, ¢)),
exhibit relatively constant CO and CsHe response for 7s < 150 °C. Sensor response at Ts
> 200 °C, however, tends to increase with temperature. Indeed, 150 W Ar/O2 NP sensors had the
greatest temperature dependence, changing from a sensor response of ~3 at room temperature to
~100 at 300 °C, regardless of target gas. In contrast, sensor response is less temperature
dependent for UT and Ar/O2 NW sensors (Figure 7.1 (b, d)), than for UT and Ar/O2 NP sensors,
regardless of target gas, as evidenced by the smaller changes in sensor response of NW sensors
as a function of temperature.

Figure 7.2 displays responses for UT and H20 plasma treated nanoparticle and nanowire
sensors to CO and CsHe. Generally, none of the plots in Figure 7.2 exhibit dramatic temperature
dependence, with the possible exception of low power treatments of nanoparticles (Figure 7.2
(a)). With CO as the target gas, H2O NW sensor response is less temperature dependent than
that of H2O NP sensors, as evidenced by smaller changes in response of NW sensors as a
function of Ts. Indeed, H2O NW sensors have a relatively constant CO response from 7's = 100-
300 °C, Figure 7.2 (b), that is also independent of treatment conditions (i.e., applied rf power).
A similar lack of 7s and P dependence is also observed for H2O NP sensor response to C¢Hs
(Figure 7.2 (c)). Although H20O NW sensor response to C¢Hs also displays little to no
temperature dependence (Figure 7.2 (d)), the actual response ratios appear somewhat dependent

on P.
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Figure 7.1. Gas sensor response Rair/Rco for Ar/O2 NP (a) and Ar/O2 NW (b) and Rair/Rcens for Ar/O2 NP (¢) and Ar/O2 NW (d) as a
function of Ts and P. The horizontal line at 1 separates reducing interactions (Rair/Rgas > 1) from oxidizing interactions (Rair/Rgas < 1).
Negative error not shown on plots are equivalent to positive error plotted.
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7.2.2. Gas-surface redox interactions and plasma modification. 1t is also instructive to
consider the nature of the gas-surface interaction in the sensing of the two target gases. UT NP
have a reducing interaction (Rair/Rgas > 1) with both gases, whereas UT NW interact with the
target gases in an oxidizing manner (Rair/Rgas < 1). CO and C¢He interactions with Ar/O2 NP
remain reducing in nature under most plasma treatment and 7s conditions (Figure 7.1 (a, c)).
Notably, with most Ar/O2 NW, the carbon monoxide and benzene interactions with SnO2
become reducing in nature (Figure 7.1 (b, d)). Target gas interactions with H2O plasma-treated
nanomaterials appear to be dependent on treatment conditions (i.e., P). Specifically, treating
nanoparticles at lower applied power (P < 60 W) with H20 plasma maintains the reducing nature
of the interaction with both CO and C¢He at most 7’s conditions (Figure 7.2 (a, c)); however, with
materials treated at higher applied power (P > 100 W), these become oxidizing gas-surface
interactions. Under most plasma parameters and 7s, H-O NW have oxidizing CO gas-surface
interactions, as do H2O NW (P < 100 W) when sensing benzene (Figure 7.2 (b, d)). When
nanowires are treated in H20 plasmas at the highest power examined (P = 150 W), their
interactions with C¢Hs become reducing in nature. The reasoning behind these changes in gas-
surface interaction will be further explored in the discussion below.

7.2.3. Plasma modified materials and gas sensor sensitivity. As a result of these changes
in redox interactions, the response (Rair/Rgas) data from Figures 7.1 and 7.2 were inverted to
Rgas/Rair, where the larger of the two values is representative of the given material’s sensitivity.
For example, Rair/Rcens = 0.10 for 100 W Ar/O2 NP at 250 °C and Rcene/Rair = 9.89; therefore
100 W Ar/O2 NP have benzene sensitivity of 9.89 at 250 °C. Considering all of the data under
these new conditions for sensitivity, the maximum sensitivity of UT and Ar/O2 NW sensors

across the studied temperature range is ~10 for both target gases. Furthermore, Ar/O2 NP

140



displayed sensitivity similar to or decreased from that of UT NP, whereas Ar/Oz treatment of
nanowires resulted in sensitivity similar to or increased from that of UT NW. The sensitivity
data also indicate that, on average, Ar/O2 NP are more sensitive toward carbon monoxide and
benzene than Ar/O2 NW. Notably, the values of gas sensor sensitivity vary somewhat, with H2O
NW sensors yielding a maximum CO sensitivity of ~7, whereas H20 NP have a maximum CO
sensitivity of ~60. CsHe sensitivity ranges from ~1 to ~15 for H2O NP and from ~1 to ~70 for
H>0 NW. In general, H20 plasma modification of nanoparticles resulted in decreased sensitivity
relative to that of UT nanoparticles, regardless of target gas. Unlike H2O NP, H2O NW
displayed similar or increased CO and CeHs sensitivity.

To further highlight the effects of different combinations of the parameters studied here
(material morphology, plasma feed gas, P, and T5), select carbon monoxide and benzene
sensitivity data are shown in Figures 7.3-7.5. Figure 7.3 displays CO sensitivity as a function of
P and Ts for H20 NP, indicating a decrease in CO sensitivity as a function of P. Notably, only
30 W H20 NP display a measurable difference in CO sensitivity as a function of 7s. Figure 7.4
highlights benzene sensitivity for Ar/O2 NP and H2O NW, revealing that although T's does not
affect sensitivity in most cases, plasma treatment conditions do affect these measurements. For
example, CsHe sensitivity of Ar/O2 NP decreases with P, resulting in minimum sensitivity of ~1
at P =60 and 100 W, whereas CcHs sensitivity of H2O NW increases with P, resulting in
maximum sensitivity of ~175 at P =60 W. Closer examination of the H2O NW data reveals a T’s
dependence, with the highest sensitivity at 7s = 25 and 50 °C, and the lowest at 7s = 300 °C for
UT and 100 W H20 NW, as indicated in the Figure 7.4 (b) inset. Figure 7.5 directly compares
the effects of different plasma treatments on NW sensitivity toward CO and C¢Hs as a function

of P and Ts. With H2O NW sensors (Figure 7.5 (a)), a maximum CO sensitivity of ~8 occurs

141



H,O NP

160 4 © 50°C
140 -
25 120 v 100°C
£100 1 A 150°C
2 20 ks 0
£ 3 & B 250°C
- O 40 1
% 15 & 20 %
A i ¥ S S SN, .
O 10 20 40 60 80 100 120 140
U Power (W)
5 =
0 - s -

0 20 40 60 80 100 120 140
Power (W)
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subset of conditions. The inset plot shows additional data for UT NP at 250 °C.
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with 100 W treatment, at all 7s. In contrast, a maximum CO sensitivity for Ar/O2 NW occurs at
P =60 W (Figure 7.5 (b)), but decreases from ~9 at 7s =25 °C to ~1 at Ts = 200 °C. Figure 7.5
(c) demonstrates that Ar/O2 NW generally display similar sensitivity toward C¢He and CO.
However, 150 W Ar/O2 NW have greater CsHe sensitivity (~6) than UT NW (~1) at Ts= 250 °C,

but lower sensitivity at 50 °C (UT ~7; 150 W ~1).

7.3. Discussion

Much of the recent literature on SnO2 gas sensors has focused on novel synthesis routes
to a range of material morphologies, including electrospun fibers, nanoflowers, nanowires, and
nanoparticles.!”> 4”6 A few have further explored additional surface modification strategies to
enhance sensor performance in detecting a range of atmospheric pollutants and other toxic
gases.?® 052 Here, we examined the effects of plasma surface modification on the ability of
nanostructured SnO2 sensors to detect carbon monoxide and benzene. More specifically, we
correlated sensor performance with prior materials characterization results':? to elucidate
structure-property-performance relationships.

7.3.1. Oxygen adsorption and metal oxide sensing mechanisms. To determine how
carbon monoxide or benzene gas sensing properties of SnO2 nanomaterials are affected by
plasma modification or nanomaterial morphology/surface area, it is instructive to consider the
mechanisms by which CO and CeHs interact with adsorbed oxygen. The first step in the sensing
mechanism is oxygen adsorbing to the UT SnO2 surface, which is well known to selectively
adsorb different oxygen species at different T, Figure 7.6 (a).%% Specifically, Reactions 1-4
depict how adsorbed oxygen charge increases with temperature, often accompanied by higher

sensitivity:
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O2(g) = O2(ad) at room temperature (D)

O2(ad) + € = O2 (ady at 150 °C (2)
O23ad) + 2€ = 20 (ad) at 300 °C 3)
O2(ad) + 4~ = 20% (aa) at 600 °C (4)

As Ts increases, a more highly charged surface is created when oxygen adsorbs to UT SnOo.
Simultaneously, a region of electron depletion is formed between the bulk of UT SnO2 and the
surface adsorbed oxygen (Figure 7.6 (b)).°*7" This shift in electrons results in band bending,
creating a barrier to charge flow, and ultimately, increasing the initial resistance of the UT SnO2
sensor in ambient air.

When CO reacts with adsorbed oxygen, CO2 desorbs from the surface and releases

electrons to the bulk material, decreasing resistance as indicated in Reactions 5-8.9% 71: 72
02 @ad) + € — 20 @) >150 °C (5)
CO + O27(ad) — CO2 + O (ag) at 150 °C (6)
CO + O (ad) — CO2+ ¢ at 300 °C (7)
CO + 0% (aa) — CO2 + 2¢” at 600 °C (8)

This type of interaction with the SnO:z surface is often referred to as a reducing interaction
because of the release of electrons back to the bulk SnO2. Note that Reactions 5 and 6 are
competitive reactions, often leading to decreased CO sensitivity and selectivity at 150 °C.
Similarly, benzene also has a reducing interaction with SnO2, which can occur through different
pathways.”® Here, resistance decreases upon addition of CsHs to the ambient atmosphere via
Reactions 9 and 10:7*

CsHe + 9/, O2 — C4H203 + 2C0O2 +2H20 (9a)

C4H203 + 3027 (ad) — 4CO2 +H20 + 3e™ at 150 °C (9b)
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CeHe + 1507 (ad) — 6CO2 +3H20 +15¢™ at 300 °C (10)

At higher Ts, more electrons can be released back to the bulk than at lower 7s upon carbon
monoxide or benzene interaction with surface adsorbed oxygen on an UT SnO: surface. This
results in a greater decrease of the electron depleted region at higher 7s. Given this relatively
simplistic interpretation of these gas-surface interactions, SnO2 sensors operating at 7s > 150 °C
should display a greater change in resistance with the addition of a target gas (i.e., Rair/Rgas >> 1),
indicating a greater sensitivity than when operating at 7s < 150 °C.

7.3.2. Nanomaterial structure and property effects on gas sensing mechanisms. CO and
CsHe response data (Figures 7.1 and 7.2) indicate that both gases interact with UT NP in a
reducing manner and with UT NW in an oxidizing manner as described above. Because
adsorbed oxygen species are controlled by T, as indicated by temperature programmed
desorption (TPD) studies,®> ® similar oxygen species should be present on both materials. This
suggests the sensing mechanism of UT SnO2 nanomaterials is influenced by differences in
morphology and accessible surface area. The larger the accessible surface area, the greater the
expected relative amount of adsorbed oxygen. Thus, UT NW have the potential to adsorb more
oxygen than UT NP. In addition, nanowires have fewer grain boundaries relative to the bulk
SnO:2 because of substantial differences in dimensions, as previously indicated in SEM images
and prior analyses.!? Given that UT NW have equivalent resistance in air relative to UT NP, it
is likely that a combination of accessible surface area and grain boundary densities contribute to
the sensing mechanism of UT SnO2 nanomaterials. Moreover, the oxidizing interaction observed
with UT NW reveals that CO and CéHs may be less likely to desorb from UT NW than UT NP.

When Ar/O:z plasma treating nanomaterials, morphology and bulk SnO2 structure remain

unchanged under all plasma parameters.! As such, morphology differences cannot be the source
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of decreased sensitivity for Ar/O2 NW and NP. Ar/O2 NW and NP do, however, show increased
oxygen adsorption as indicated in XPS spectra.! Furthermore, as nearly all Ar/O; NW and NP
have reducing interactions with CO and CéHe (Rair/Rgas > 1), these surface oxygen species must
contribute to sensing as described above for UT nanomaterials. With increased surface oxygen
and decreased sensitivity toward carbon monoxide and benzene, however, it appears that
increasing oxygen adsorption alone is insufficient for enhancing CO and CsHs sensitivity over
UT nanomaterials under most plasma treatment conditions. Nevertheless, it is possible to
somewhat control the sensitivity with Ar/O2 plasma treatment as a function of P and Ts.
Specifically, 60 W Ar/O: treatment of SnO2 nanowires results in maximum CO sensitivity of ~9
over ~3 for UT NW (Figure 7.5 (b)). Not only are these plasma treatment and material
parameters effective at enhancing CO sensitivity, but they do so at room temperature, indicating
that such a sensor would have increased CO sensitivity and could last longer with less energy use
than a sensor fabricated from UT NW.

To better understand why 60 W Ar/O2 NW have higher sensitivity at lower temperatures
than observed for the UT NW, it is necessary to consider our prior work on materials
characterization and the likelihood of CO reacting with such a surface. Ar/O2> NW treated at P =
60 W have increased oxygen adsorption observed via XPS while maintaining a tetragonal SnO2
structure and the UT NW morphology.? Although other Ar/O2 NW also have increased oxygen
adsorption, the maximum CO sensitivity observed with 60 W Ar/O2 NW suggests that a specific
amount of adsorbed oxygen is more effective at enhancing CO sensitivity than maximizing
oxygen adsorption. This hypothesis is somewhat at odds with what has been previously

48-50

observed and claimed with other studies, wherein sensitivity showed constant increase with

plasma power. The observed variations from employing different plasma parameters and
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different target gases, in conjunction with our CO sensitivity results, however, may simply
suggest that although increasing oxygen adsorption is beneficial to enhanced sensitivity, the
specific oxygen species adsorbed to the surface may drive gas-surface reactions. As such,
additional studies on the nature of adsorbed oxygen species may provide greater detail on how
certain plasma parameters affect adsorbed oxygen and surface charge. Such studies would allow
us to determine whether the 60 W Ar/Oz plasma treatment of nanowires not only increases
oxygen adsorption, but if this particular treatment creates a surface that preferentially holds a
negative surface charge, normally only observed at 7s > 150 °C, Figure 7.6 and Equations 1-4.
Figure 7.7 (a, b) show how CO is less likely to react with an UT NW surface, relative to the
surface of 60 W Ar/O2 NW. Although 60 W Ar/O2 NW have increased CO sensitivity, these
materials do not display the same increase in CsHe sensitivity; in particular, the materials formed
under these parameters appear to have the same benzene sensitivity as UT NW. Benzene-SnO:
surface reactions for UT NW and Ar/O2 NW are shown in Figure 7.7 (d, ). These carbon
monoxide and benzene performance results indicate that at room temperature, 60 W Ar/O2 NW
may be more selective toward CO than toward CsHe.

NW and NP, however, experience tin reduction and oxygen etching that effectively
destroy the UT bulk SnOz structure and drastically alter morphology upon H20 plasma
treatment." > Moreover, such changes in SnOz are enhanced at higher plasma power
(P>100 W). Atlower powers (P <60 W), some of the UT SnO2 morphology and structure are
maintained, but at P> 150 W none of the UT NW or NP morphology or structure remain. Thus,
as the SnO: structure and morphology are lost, the oxygen adsorption and sensing mechanism
observed for UT nanomaterials no longer holds true. Furthermore, increased tin reduction as a

function of P leads to SnO2 nanomaterials becoming Sn° aggregates, wherein the potential for
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Figure 7.7. CO-SnO: surface reactions at room temperature for (a) untreated nanomaterials, (b) 60 W Ar/Oz treated nanowires, and
(c) 100 W H2O treated nanowires. CsHs-SnO2 surface reactions at room temperature for (d) untreated nanomaterials, (e) Ar/Oz
plasma treated nanomaterials, and (f) 60 W H2O NW.
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oxygen adsorption to occur decreases and any gas interactions result from CO or CsHs reacting
directly with Sn’ aggregates. This ultimately increases the resistance over that measured in air
(Rair/Rgas < 1), indicating a decreased sensitivity and change in redox interaction from UT
nanomaterials under most H2O plasma and 7s conditions. A similar phenomenon was observed
by Tamaki et al.%® in TPD studies of CO interactions with SnO: surfaces. They found there was
less COz2 desorption with a reduced SnOz2 surface than with an oxidized SnOz surface, potentially
analogous to CO interactions with our H2O NW and NP.

Furthermore, despite limited to no change in carbon monoxide or benzene sensitivity
with H20 plasma treatment, some specific conditions showed enhanced sensitivity over UT
materials. Specifically, 100 W H20 NW had increased CO sensitivity of ~10 over ~2 for UT
NW where sensitivity was relatively independent of temperature (Figure 7.5 (a)). Therefore, a
sensor designed from 100 W H20 NW could operate with high sensitivity at room temperature to
minimize energy requirements and extend sensor lifetime over a sensor designed from UT NW.
Additionally, 60 W H20 NW had maximum CesHs sensitivity of ~175, relative to ~7 for UT NW
(Figure 7.4 (b)). To have sensitivity of 175, the sensor had to operate at 300 °C and resulted in
significant variation in sensitivity. The same sensor when operating at room temperature,
however, still had increased benzene sensitivity of ~33. Thus, a 60 W H20 NW sensor operating
at room temperature would still have increased CsHe sensitivity and would also benefit from
lower energy costs and longer sensor lifetime. The increased sensor performance exhibited for
these plasma treatments indicate that different combinations of oxygen adsorption and tin
reduction are necessary to detect carbon monoxide versus benzene with maximum sensitivity.
Potential reactions for CO with 100 W H20 NW and Ce¢Hs with 60 W H20 NW are shown in

Figure 7.7 (c, 1), respectively, for comparison. Overall, the results reported here indicate that
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plasma surface modification processes could be tuned to produce materials that have increased
room temperature sensitivity to a range of potentially toxic gases. Moreover, the differences in
response to the target gases utilized here suggest that we may also be able to increase selectivity

of these materials with additional attention to optimizing plasma parameters.

7.4. Summary and Conclusions

Combining sensor performance of UT, Ar/O2 and H20 plasma treated nanomaterials with
our prior materials characterization data allows for deeper understanding of structure-property-
performance relationships necessary to create sensitive targeted SnO2 gas sensors. Specifically,
on average, all SnO2 nanoparticles (UT, Ar/O2 and H20 plasma treated) were more sensitive
toward carbon monoxide and benzene than SnO2 nanowires. Furthermore, Ar/O2 and H2O NP
displayed decreased sensitivity toward CO and CeHs relative to UT NP (without changing redox
interaction) under almost all plasma and 7s conditions. Alternatively, Ar/O2 and H2O NW, had
much more varied sensitivity and redox interactions depending on plasma conditions and 7,
whereby some treatment conditions resulted in increased sensitivity toward CO and C¢Hs,
especially H2O NW. Specifically, sensor performance suggests a specific level of oxygen
adsorption is necessary to enhance CO sensitivity. Enhanced CsHe sensitivity, however, requires
a combination of oxygen adsorption and Sn reduction. Moreover, some plasma modification
conditions resulted in higher sensitivity at lower temperatures than measured for UT
nanomaterials. Overall, H2O plasma appears to be more effective than Ar/Oz at altering SnO2
nanomaterials (especially nanowires), to increase sensitivity toward carbon monoxide and

benzene.
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7.4.1. Project expansions for enhanced sensing capabilities. To determine if alternative
plasma systems are more effective at increasing sensitivity toward CO or benzene we will be
expanding our plasma reactor and sensing platform to include other plasma precursor systems
(e.g., CO and aniline) as well as testing sensitivity of UT, Ar/O2 and H20 nanomaterials toward
other gases (e.g., NOx, formaldehyde) and utilizing other sensing materials. This will allow us to
functionalize surfaces, vary morphology further, and create composite materials that may aid in
creating more sensitive and selective sensing devices capable of operating at lower/room

temperature.
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CHAPTER 8

SUMMARY OF RESEARCH PERSPECTIVES AND FUTURE AVENUES OF
EXPLORATION

This chapter summarizes the research presented in this dissertation, addressing global
themes and broader impacts on gas detection technology research. Potential avenues for future

research directions stemming from this project are also proposed.

8.1. Research Summary

8.1.1. A multi-faceted experimental approackas sensors designed from several
different materials and utilizing a variety of sensing mechanisms have been developed and used
extensively in private homes and businesses. Although numerous detectors are commercially
available, limitations persist for many types of sensors, including insufficient sensitivity and
selectivity toward certain gases, and high operating temperatures that limit sensor lifetime.
Although significant progress has been made to address some of these limitations, studies are
often one-sided in their focus (e.g., materials analysis-focused versus performance-focused). For
example, plasma modification of SnO2 nanomaterials has gained interest in the past decade, but
most studies focus on analysis of bulk and surface properties pre- and post-plasma treatment
(e.g., PXRD, XPS, SEM). To more efficiently and effectively fabricate and modify materials for
sensitive and targeted gas sensing at room temperature, it is necessary to create a holistic analysis
approach. Specifically, it is essential to comprehensively characterize (1) materials structure and
properties pre- and post-plasma modification, (2) plasma gas-phase species and energetics, and
(3) gas sensor performance. By performing an array of complementary analyses, greater

understanding can be gained on how materials are modified to result in specific sensing
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properties. This knowledge aids in efficiently selecting appropriate base materials and plasma
modification systems for a desired sensor application. The work presented in this dissertation is
the compilation of these integral pieces of data that provide substantial new insight into the
fabrication and plasma modification of gas sensor materials.

8.1.2. Emergent theme%his dissertation includes key studies for comprehensive
understanding of all aspects of creating and testing gas sensors for understanding structure-
property-performance relationships. Specifically, utilizing various complementary imaging and
diffraction techniques (i.e., SEM, HRTEM, t-EBSD, STEM-DI) provides a more detailed view
on the structure and morphology of nanomaterials than simply using a single technique.
Moreover, structural detail may be lost in certain techniques, such as TEM, because of
unintentional user bias when selecting materials to analyze. Combining high resolution analysis
with t-EBSD data make it possible to analyze a larger number of wires/rods/etc. from a sample
with minimal user bias. This allows for discerning potential structural variations within a sample
of nanomaterials that may be lost when selecting specific wires or rods for analysis. Indeed, the
structural study described in Chapter 3 indicates a similar tetragonal SnO: structure of SnO2
nanowires and nanobrushes grown via CVD; however, through complementary diffraction
analysis, slight variations in lattice spacing and growth face were measured.

Structure, surface chemistry, and morphology differences have the potential to result in
different electrical properties, and thus, sensing capabilities for SnO2 materials. Therefore,
additional surface analysis of two different morphologies, nanoparticles and nanowires, were
completed prior to and after plasma modification (Chapter 4). Plasma modification was
employed because sensor sensitivity and selectivity are largely driven by surface properties (in

conjunction with bulk structure). For this dissertation, the plasma precursors of interest were
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Ar/O2 and H20() as they are well known oxidizing plasma systems for enhancing nanomaterial
surface oxidation to increase sensor sensitivity. After modifying SnO2 nanoparticles and
nanowires under different parameters with these systems, surface analysis showed clear
distinctions between the two morphologies and plasma precursors. Prior to plasma treatment,
nanoparticles and nanowires had tetragonal SnO: structures with similar ratios of adsorbed
oxygen to lattice oxygen. After modification, however, nanoparticles and nanowires showed
increased tin reduction as a function of increased P with H20O plasma treatment while
maintaining Sn*" after Ar/O2 plasma treatment at all P. Both plasma modification systems
resulted in equivalent or greater ratios of adsorbed oxygen to lattice oxygen for nanowires than
nanoparticles, indicating the two materials interact with plasma species in dissimilar ways.
Thus, to elucidate what plasma species alter surface chemistry, how nanomaterial
morphology plays a role in surface modification, and therefore, if nanomaterials can alter plasma
species, a complete plasma gas-phase diagnostics approach is key, as described in Chapter 5.
This study explored nanomaterial interactions with H20 and Hz plasma systems given the
unexpected reduction observed with H20 plasma treatments—H2 plasma was analyzed as a
model reducing plasma containing similar reducing species (e.g., H*, H2*). Gas-phase analysis
also demonstrated that nanoparticles and nanowires interact with plasma species differently, as
concentrations for excited state OH radical, Ha, and Sn varied, depending on plasma parameters
and SnO2 morphology. Specifically, it was determined that high-energy hydrogen species were
responsible for tin reduction and SnO: etching in both plasmas. Furthermore, when these
reducing species were in excess of the oxidizing species in H2O plasmas, nanomaterial etching

and tin reduction were observed. These gas-phase studies allowed us to better understand how
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H2 and H20 plasmas interact with SnO2 nanomaterials and vice versa, to aid in determining
appropriate plasma parameters to achieve specific materials properties in the future.

The final step of the holistic approach to sensor design involves combining materials’
structure and properties with sensor performance, linking the steps from material fabrication to
modification and finally to sensor capabilities. Initial sensor performance studies focused on
sensitivity of the different UT and plasma treated nanomaterials over a range of temperatures
from 25-300 °C. These studies indicated that on average, Ar/O2 plasma modification resulted in
lower or equivalent sensitivity toward carbon monoxide and benzene under all plasma conditions
and operating temperatures. Such changes, or lack thereof, suggest that increased adsorbed
oxygen to lattice oxygen ratios alone are largely insufficient at increasing nanoparticle sensor
sensitivity toward CO or CéHe. H20 plasma treatment, on the other hand, resulted in increased
sensitivity under more plasma parameters and operating temperatures than Ar/O2 plasma
modification. This likely is the result of both increased adsorbed oxygen as well as tin reduction
leading to greater changes in material resistance in the presence of carbon monoxide or benzene.
Furthermore, nanowire sensitivity was consistently less temperature dependent (in contrast with
nanoparticle sensitivity), and led to increased sensitivity under more parameters than
nanoparticles. Greater changes in nanowire sensitivity because of plasma treatment is likely the
result of the greater surface area as well as the interconnected network of nanowires creating
more potential for collective resistance change than possible with nanoparticles.

8.1.3. Broader impact and outlooKhese studies emphasize the necessity of
understanding structure-property-performance relationships of sensor materials to effectively
choose materials and plasma systems for creating sensitive targeted gas sensors. As such, this

dissertation demonstrates the need for comprehensive complementary analysis of materials and
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plasmas from fabrication to modification to sensor performance when creating gas sensors. For
research to address sensor limitations in an efficient manner, an active effort to follow a holistic
approach to creating sensors must exist. Combining comprehensive analysis of sensor materials
before and after modification in conjunction with sensor performance can allow for less
uncertainty while fabricating gas sensors. Furthermore, this approach to sensor fabrication can
be utilized for various different materials or morphologies, modification expansions, and

additional performance tests which are discussed in greater detail below.

8.2. FutureDirections

8.2.1. Completing the comparison of nanowire versus nanobrush modification and
performance.Similar modification systems, materials analysis, and sensor performance tests
presented in this dissertation can be utilized to complete analysis of SnO2 nanobrushes.! These
additional studies can aid in determining if this alternative nanomaterial morphology will interact
with the plasma or target gas species in different ways to those observed here for SnO2
nanowires and nanoparticles.> Such work will provide greater detail on structure-property-
performance relationships of SnO2 nanomaterials in gas sensing applications. Specifically,
completing these modification and performance studies for nanobrushes will determine the effect
of the different morphologies and structural variations from nanowires on sensor performance.

8.2.2. Using plasma surface functionatipn to address sensor selectivitio expand
our studies and focus on addressing selectivity limitations, alternative plasma precursors can be
utilized for surface functionalization. Some potential precursors include carbon monoxide for
imparting —C=0 and —C-O-R- functionality, ammonia for implanting -NHx functionality, and

allyl alcohol for adding ~OH functionality.*> Because CO plasma can both increase surface
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oxygen content and alter surface functionalization, this plasma system was chosen for further
study. To determine the efficacy of CO plasma modification for enhanced gas sensing,
preliminary surface and sensor performance analyses were performed. An example OES
spectrum for 100 mTorr 150 W CO plasma shown in Figure 8.1 provides an overview of excited-
state gaseous species present in the plasma. Initial XPS high resolution Cis, O1s, and Sn3d
spectra, Figure 8.2, reveal that CO plasma treatment (under a subset of plasma conditions) does
not alter the tin oxidation state. High resolution Ois and Cis spectra, however, indicate the
addition of carbonyl, ester, and aliphatic environments upon CO plasma treatment of SnO2
nanoparticles not explainable solely as adventitious carbon. Additionally, initial CO sensitivity
data for CO plasma treated SnO2 nanoparticle gas sensors, Figure 8.3, indicate a switch from a
reducing to an oxidizing gas-surface interaction, similar to what was observed with Ar/O2 and
H20 plasma treated materials. Specifically, the change to an oxidizing interaction occurs at
Ts > 150 °C, whereby CO sensitivity decreases with increasing temperature until Ts =200 °C,
where sensitivity begins to increase with increasing temperature. Although the CO sensitivity of
CO plasma treated nanoparticles is substantially lower than that of UT nanoparticles, expanded
studies are in progress by another Fisher group graduate student, Kim Hiyoto, for a wider range
of plasma parameters, nanomaterial morphologies, and target gases to determine if any
alternative CO plasma treatments or target gases may result in enhanced sensitivity over the UT
nanoparticles.

8.2.3. Plasma deposition for creating polymeric nanocomposiesther alternative
form of plasma modification that moves beyond surface functionalization utilizes plasma
polymerization®® to conformally deposit a conductive polymer such as polyaniline (precursor

aniline vapor) onto a SnO2 nanomaterial.” Polymer nanocomposites are often fabricated from
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Figure8.1. Raw OES spectrum for a 100 mTorr 150 W CO plasma.
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Figure 8.2. Representative high resolution (a) Cis, (b) O1s, and (¢) Snza XPS spectra for
145 mTorr 30 W CO plasma treated nanoparticles, with similar binding environments observed
for materials treated at P =10, 60, 80, and 100 W.
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Figure 8.3. CO sensitivity for UT and 50 mTorr 50 W 5 min CO plasma treated nanoparticles.

168



mixtures cast into molds or various template processes whereby the polymer comprises the bulk
material and limits morphology.!®!? By conformally coating SnO2 nanomaterials with a
conductive polymer, the nanomaterial maintains bulk properties and the polymer surface coating
can control gas-surface interactions. OES was initially used to evaluate if aniline could be
successfully used to ignite a plasma within our systems because there are limited studies on
aniline plasma polymerization in ICPs, especially for coating SnO2 nanomaterials. Figure 8.4
shows OES spectra of an aniline plasma without a substrate, and with SnO2 nanoparticle or
nanowire substrates. The spectrum without a substrate displays emission from CH, CN, OH,
NH, and N2 gas-phase species, indicative of aniline in the gas phase, thereby maintaining
monomer functionality. Given these results, an aniline plasma was used to deposit a polyaniline
coating on SnO2 nanowires. OES spectra collected during aniline plasma treatment of
nanoparticles or nanowires show signals from the same gas-phase species as detected without a
substrate but with different relative intensities. These data indicate that the gas-phase density of
species such as NH and OH can be affected by the presence of different nanomaterial
morphologies. Further optimization of plasma parameters with materials, gas-phase, and
performance analyses are necessary to comprehensively understand the efficacy of utilizing a
polyaniline film to enhance sensor sensitivity and/or selectivity.

8.2.4. Additional sensor substrates foist-effective sensor fabricatiod promising
area of research that requires significant development beyond plasma optimization and materials
analysis lies in creating paper-based sensors with MO nanomaterials. Paper-based devices
benefit from being robust, cheap, and easy to fabricate while incorporating rapid response and
recovery with high sensitivity because of MO nanomaterial components.'*!'> Creating MO

paper-based sensors, however, is difficult because of the high temperatures often required for
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chemical structure inset.
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growing nanomaterials and operating MO sensors." '% 17 Some methodologies show promise for
creating such sensors but offer limited control over the fabrication process.'* '8 The nature of
LTP deposition creates the potential for utilizing plasmas to directly deposit MO thin films/grow
nanomaterials on paper.”?! Similarly, regardless of fabrication process for MO paper-based
sensors, there is ample utility in the expansive parameter space of plasma systems to modify the
paper and/or the nanomaterial. A prime opportunity for utilizing plasmas lies with depositing
conductive polymer films like polyaniline onto the paper, whereby the polyaniline can provide
the necessary conductivity that a MO material would but may allow for more effective
deposition given the similar organic composition of the paper and the polyaniline.

8.2.5. Expanding sensor performance repertokéterations to our current sensing
system and/or sensor fabrication methods should also be made to expand sensor performance
studies. Specifically, these expansions include additional gas lines, flow controllers, and
LabVIEW software which will allow for measuring sensor response and recovery, testing
sensitivity as a function of gas concentration, and determining selectivity and sensitivity in
mixed gas atmospheres. These complementary studies enhance understanding of structure-
property-performance relationships of different materials for sensing applications. Additional

details on these system modifications are provided in Chapter 6.

8.3. Project Overview

8.3.1. A multi-faceted approach to altering material capabiliti&. of these continuing
and future studies will benefit from our multi-faceted process to sensor fabrication, providing
greater understanding of how fabrication and modification processes with their corresponding

materials and gas-phase properties affect sensor performance. Thus, such project extensions
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examine structure-property-performance relationships to enhance our knowledge of gas-surface
interactions of different material structures and properties, plasma modification systems, and
sensor designs. The work and future directions presented in this dissertation lay the foundation
for a holistic approach to create sensitive targeted gas sensors in an efficient and definitive

manncr.
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Ar/O2
B.E.
CeHe
CBED
CcO
CVD
CwW
EDS
H2
H20w)
HR
Ix/1ar
ICDD
IPF
LT-ICP
MOS
NBED
NOx
NP
NW

OES

LIST OF ABBREVIATIONS

relative concentratiorof excited state species X
argon and oxygen (1:1) mixed gas
bindingenergy

benzene

convergent beam electron diffraction
carbormonoxide

chemical vapor deposition
continuousvave

energydispersiveX-ray spectroscopy
hydrogen gas

watervapor

highresolution

relative concentration of species X
InternationalCente for Diffraction Data
inversepolefigure

low temperature-inductively coupled plasma
metal oxide semiconductor
nano-beam electron diffraction
nitrogenoxides

SnQ nanoparticles

SnQ nanowires

optical emission spectroscopy
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OIM OrientationimagingMicroscopy

P applied rf power

PECVD plasma enhanced chemical vapor deposition

PXRD powder X-ray diffraction

Rair resistance recorded in air

Rgas resistance recorded in gag(j carbon monoxide or benzene)
SnQ tin(IV) oxide

SAED selective area electron diffraction

SEM scanning electron microscopy

STEM-DI scanningransmissiorelecton microscopy-diffraction imaging
t-EBSD transmissiorlecton backscatter diffraction

Tr rotational temperature

Ts substrate temperature

Tv vibrational temperature

uT untreated or no plasma treatment

VLS vaporliquid solid

XPS X-ray photoelectron microscopy

X* excited state gas species of interest X

XD X dimensional, where X ithe number of dimensions

ZrO2 50 nm zirconium oxide on n-type 100 silicon wafer

ZA zoneaxis
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