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Cold atmospheric pressure plasma (CAP) is an excellent source of reactive
species because they are able to produce these species cheaply, in a variety of
configurations, and in a way that can be distributed easily but there needs to be more
understanding of how they specifically interact with surfaces. The goals of this
dissertation are to understand what the critical reactive species reaching a surface are for
particular applications. As a first step we find that a plasma in direct electrical contact
with a polymer material shows high etching rate and non-uniform treatment whereas a
remote regime treatment can lead to a relatively uniform treatment over the exposed to
plasma area. The interaction of vacuum ultraviolet (VUV) light with polymer surfaces
was found to be critical under conditions where local oxygen is displaced by noble gas
flow. This VUV flux is also dependent on plasma source type, being highest for high

voltage sources using noble gas flow. For a surface microdischarge (SMD) source we



find high activation energy compared with atomic oxygen etching suggesting less
reactive species reaching the surface are causing surface modification. However, for an
atmospheric pressure plasma jet (APPJ) source we find that the activation energy changes
over treatment distance, decreasing below the value expected for atomic oxygen as the jet
gets closer to the surface. Additionally we find evidence of directional etching for the
close distances which becomes less directional for further distance treatments suggesting
we have a contribution from high energy species at closer distances despite there being
no visible contact between the plasma plume and the polymer surface. Nickel catalyst
materials interacting with plasma can be enhanced to show increased breakdown of
methane and production of different product species such as CO compared to just the
catalyst. This catalyst material also shows carbon deposition by CO and COO" groups by
plasma treatment, though increased plasma power and temperature can then remove these

groups as well.
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Chapter 1: Introduction

Cold atmospheric pressure plasma (CAP) sources are being applied to increasing
numbers of applications due to their versatility and relative inexpensiveness compared to
traditional plasma sources. Low temperature plasma at low pressures has long been a
critical tool for the processing of industrial materials. While atmospheric pressure plasma
has been around for many years for ozone production, but recently the development of jet
style sources to be near ambient temperature has allowed expanse to new applications.?
Plasma medicine®3#is a recently emerging field where plasma sources have been used for
wound healing®® and cancer treatments’ to name a few applications. CAP sources have
also been shown to be effective for surface decontamination® of hospital equipment which
may serve as a replacement or supplement to autoclave technology and allow for
disinfection of a wider range of hospital materials. More traditional plasma applications
such as adhesion® and thin film deposition® have also been shown to be possible using
CAP sources instead of low pressure plasma sources. Recent applications that are currently
being explored are water decontamination treatment,'! food sterilization,'? and catalyst
enhancement.’® Despite the wealth of applications being studied, there is a lack of
understanding of exactly which of these reactive species that are produced are important
for causing the surface effects seen. This problem is further complicated by the number of
different atmospheric pressure plasma sources that have been developed, each which may
accomplish desired effects through different plasma surface interactions.

There are numerous applications that atmospheric pressure plasma can be applied

to that this work will help contribute fundamental understanding to. The use of these



atmospheric pressure plasma sources in the biological and medical fields are particularly
critical to completely understand as the health of the public is at stake and is one of the
critical applications that the results of this research will be applied to. Particularly
interesting is the treatment of medical equipment for sterilization and the treatment of
human tissue. There have been several previous studies attempting to understand how
atmospheric pressure plasma treatment accomplishes biological deactivation'**® as well as
the comparison of these processes between atmospheric pressure and low pressure
plasma.’® The results of these experiments show that it is likely that species being
introduced to the biological surfaces play a role in this biological deactivation.*” This work
is entirely conducted in the far effluent of the plasma so that there is no direct electrical
contact but there is comparable work that treats polymers with the plasma plume in direct
contact with the polymer surface.'® It is unclear from this work then how plasma contact
with the surface will change the plasma surface interaction and if there could be any
potential damage from this contact. This would be important to understand if these sources

are used on human tissue as any damaging condition would want to be avoided if possible.

Additionally, it is unclear how different plasma sources behave compared to one
another. Indeed in these cited works and the literature as a whole use different plasma
sources and show different effects on polymer surfaces which raises the critical question
of the role of plasma source design on the effect of the plasma treatment. There are
numerous design considerations which can cause significant changes to how plasma is
created by a source and therefore how this source would affect a surface. The most obvious
difference is the physical construction of the plasma source with emphasis on how the

powered and grounded electrodes interact with one another, if they are in contact with the



plasma directly, and their relative shape to each other. This affects the type of plasma
discharge distinguishing between corona type discharges, dielectric barrier discharges, and
Townshend discharges. Other critical factors include the operating frequency and if this
frequency is pulsed or continuous, the gas flow composition, and the electrical behavior of
the plasma source. How these individual factors influence the plasma surface interactions

will be discussed throughout this dissertation with respect to individual topics.

Medical applications of CAP treatment are quickly becoming a highly studied field
but there are numerous applications that atmospheric pressure plasma is just starting to be
applied to. One such potentially lucrative application is the enhancement of catalytic
activity and efficiency by plasma treatment during catalysis.?® Development of this
technology could potentially improve the removal of volatile air contaminants,?* growth of
carbon nanostructures,?> decomposition of methane into useful products?®?* or for
environmental health.?® This field of study has demonstrated that plasma can help with
catalysis however it not clearly understood how the plasma surface interactions are
enhancing the catalytic behavior seen. By developing this understanding, specific plasma

systems and treatment conditions could be designed to optimize this process.

1.1 Objectives

The objectives of this thesis are to further the understanding of how plasma
treatments interact with various surfaces and determine what plasma produced species are
critical to causing desired surface effects for desired applications. Previous work has shown
a correlation between surface modification and biological deactivation for one source and

species.!” However, it is unclear if this is applicable to other plasma sources and if generally
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surface modification or etching of material is more important for biological deactivation.
One of the primary goals of this work is to determine what the primary reactive species for
causing etching and surface modification by atmospheric pressure plasma in order to better
understand this biological deactivation.

There is a clear disconnect in the literature between the treatment of surface by
plasma where the plasma is in direct electrical contact compared with remote non
contacting treatments. This may be critical as the effect of electric field, charged species,
photon emission, and surface charging may be directly impacted by this change to name a
few. Another goal of this work is to distinguish some of these effects and specifically
compare these two treatment conditions. For remote treatment distances we expect that
primarily reactive neutral chemical species to be the important species for surface
modification and etching. However, we see drastic differences between source designs
even when there is no direct electrical contact. This suggests that the surface interaction
may be fundamentally different between these various sources. This work will further
investigate this to determine the key reactive species produced by plasma for various
surface effects.

Plasma catalysis is an emerging field of research and the fundamental mechanisms
are not fully understood or measured. This application is an excellent opportunity to
leverage the knowledge we have gained from studying plasma polymer surface interactions
to the catalysis study. The final goal of this thesis will be to investigate how the surface
catalysis processes are enhanced by the introduction of plasma produced species.
Understanding these processes is critical for further implementation and commercialization

of the plasma catalysis technology.



1.2 Description of Materials

The focus of the majority of this work is on thin polymer film materials. Polymers
are an excellent material to study due to their common use in low pressure plasma
processing for the semiconductor and other industries which provides a background to
compare our plasma treatments to. Additionally, they can be directly related to many
biologically related molecules which allows us to use polymers as a model material to study
specific reactive groups instead of more complicated biological materials. There are many
examples of literature of atmospheric pressure plasma treatment of biological systems
where the results are unclear due to the complexity of the materials being treated.?®?"28 For
instance polystyrene has been previously studied by atmospheric pressure plasma treatment
as both a commonly used industrial polymer and as a model for how plasma will affect
styrene ring structures that may be present in biological molecules.?

A polymethyl methacrylate (PMMA)-based 193 nm photoresist (PR193) thin film
polymer of 140 and 300 nm thickness and a polystyrene (PS)-based 248 nm photoresist
(PR248) thin film polymer of 400 nm thickness were used for the majority of the polymer
interaction studies. These polymers have the advantage of being well studied in low
pressure plasma environments for industrial semiconductor applications and being
sensitive to certain wavelengths of UV light. Additionally, these materials have been
exposed to carefully controlled plasma exposures at low pressure of only long lived oxygen
species and the activation energy has been measured for these conditions giving us a
baseline of study for the activation energy studies at atmospheric pressure. Other

supplemental materials used in this work include patterned wafers involving a stacked



structure of photoresist, Si-containing Anti-Reflective Coating (SIARC) hard mask,
organic planarization layer (OPL), and tetraethyl orthosilicate to investigate etching
directionality. SiO> films with 750 nm thickness were used to investigate thermal effects
of plasma treatment.

Nickel catalysts supported on Al,O3 and SiO; are used for methane decomposition
studies. Powder catalyst is pressed together into pellet shapes around a ceramic to hold it

together for exposure under plasma treatment.

1.3 Plasma Treatment

Atmospheric pressure plasma jets (APPJs) are one type of plasma source that
utilizes a noble gas flow to direct plasma and other reactive species to surfaces. Typically
small amounts of reactive gas are added to these sources to create large fluxes of desired
reactive species. These sources are particularly useful for a wide variety of applications
due to their ability to produce reactive species while keeping the gas temperature near room
temperature and the ability to produce reactive species without large surface damage due
to ion bombardment. Another common style of plasma source is a dielectric barrier
discharge (DBD) which often can operate in ambient air. Traditionally these sources have
been used for ozone production®® and can involve one or more dielectric barriers with a
gap where the plasma is produced. However there are many variations on this source which
can compact into single layer devices and others have a gas flow integrated to assist
transport of species produced. There is some overlap between these two types of plasma
sources as APPJ often involved one or more dielectric barriers, however the plasma

discharge can behave very differently from source to source. There has been a significant



amount of literature dedicated to modeling reactive species and how their densities change
with various plasma parameters of sources.®% Additionally effort has been dedicated to
measuring various species such as OH,* 033* 0,% and high energy photons® for various
plasma sources. These efforts often need to be adjusted for each different plasma source
which means that a vast amount of characterization would be required to fully understand
each plasma source being used currently. Our approach is that is we can determine the key
surface interactions that are being caused universally by various plasma sources then we
can focus the characterization needed for each plasma source and benefit the field as a
whole. There are several unique plasma sources used in this work. Schematic diagrams of

the plasma sources is available in chapter 3, Figure 3.1.

The first plasma source that was utilized in this work is a kHz driven ring-APPJ
source. This source is based on a design by Teschke et al.>” Two copper electrodes (20
mm length and 6.35 mm ID) are wrapped around a quartz tube (4 mm ID and 6.35 mm
OD) and separated by a 1.6 cm thick Teflon block are driven by a variable frequency AC
waveform power supply.

The second plasma source in this work is a kHz driven pin-APPJ source. A
central pin electrode with a 1 mm diameter is mounted inside a quartz tube (1.5 mm ID
and 3 mm OD) with a grounded copper ring electrode (20 mm length 3 mm ID) outside
the tube. The same PVM500 power supply was used as for the other kHz sources with an
AC waveform.

The third source used in this work is a MHz driven pin-APPJ source. This source
was designed by Bruggeman et al. and has been extensively characterized.3323° The

design uses a 1 mm diameter tungsten pin electrode mounted inside a quartz tube (1.5



mm ID and 3 mm OD) with a grounded copper ring electrode (5.3 mm length, 3 mm ID).
Details of how the power was calculated for this source can be found in detailed work
done previously.*

The final plasma source used in this work is a kHz driven surface microdischarge
(SMD) source. The phase electrode is a 5 cm square copper plate, the ground electrode is
a stainless steel mesh with 50% of opening, and a 1.6 mm-thick quartz plate dielectric
separates these electrodes. The same PVM500 power supply was used as for the other
kHz sources with an AC waveform.

Plasma heating of the substrate is a critical factor which can influence numerous
surface reactions, species reaction rates, and can lead to damage of polymers at too high
of temperatures. Therefore these plasma sources have been tested to determine the
temperature rise caused by plasma treatment. The gas temperature caused by plasma
heating has been studied for the MHz driven pin-APPJ in previous works and has been
shown to start at room temperature moving up to ~600 K depending on the power of the
discharge within the plasma area. However, heating of the substrate has been measured to
show significantly lower temperatures. The temperature measured directly under a treated
substrate of silicon by thermocouple was found to rise less than 20 K above room
temperature for all plasma treatments at the standard treatment conditions used for
experiments. Specifically, the SMD source was found to give a temperature increase of 9
K over a 10 minute treatment at 3 mm distance. The kHz driven ring-APPJ source was
found to increase the temperature of the substrate by 3 K over a 10 minute treatment at 16
mm distance. The MHz driven pin-APPJ source showed the largest temperature increase

of 11 K over a 10 minute treatment at 8 mm distance.



However, the most critical temperature for these experiments is the temperature of
the very top of the surface that is being treated. This temperature is able to be measured
using ellipsometry to monitor the thickness increase of a SiOz thin film on top of a silicon
substrate.* We have previously found that SiO2 is stable under plasma treatment by the
MHz plasma source at 8 mm distance under normal treatment conditions and the
ellipsometric data shows thermal expansion of the SiO> followed by a return to the
original starting point post treatment suggesting no effect occurring other than thermal
expansion. Using this method we have calculated that for a 10 minute treatment of the
same spot on a 750 nm SiO; film on Si at 8 mm distance with an Ar/O plasma discharge
at 2 W we see a temperature increase of approximately 16 K which is very similar to that
of the temperature measured using the thermocouple directly below the sample. These
conditions demonstrate the most extreme plasma treatment used in chapter 4 of this work
except that for that work the plasma source is constantly moving to uniformly treat a
larger area of sample leading to an even lower temperature increase. Additionally in
chapter 4 the substrate uses a feedback loop to control the temperature of the substrate
using the thermocouple located directly below the treated sample which we have shown
here is similar to the actual value of the temperature of the top of the substrate. This
means that the temperature controller of the substrate can account for some of this
temperature increase by the plasma jet.

Atmospheric pressure plasma sources are mounted in a vacuum chamber in order
to accurately control the ambient environment surrounding the plasma source.
Characterization techniques are mounted on this chamber or connected with the chamber

so that the treated samples can be moved without being exposed to room air. This



vacuum chamber can also be adjusted to add specific gas flows within the chamber,

heating units, and diagnostics for the plasma.

1.4 Characterization Techniques

Characterization of plasma treated materials are the focus of this work, however
some gas phase characterizations were also utilized. The primary characterization
techniques used in this work are outlined in the following, though other techniques may
have been used for limited measurements.

Ellipsometry

Ellipsometry was conducted in situ and ex situ using an automated rotating
compensator SOFIE STE70 ellipsometer in the polarizer-compensator-sample-analyzer
(PCSA) configuration using a He-Ne laser (A = 632.8 nm) at a ~72° angle of incidence.
The measurement of amplitude ratio after reflection (psi) and the difference in the phase
shift (delta) are converted into film thickness and modification through multilayer optical
modeling.

X-ray Photoelectron Spectroscopy (XPS)

XPS analysis was conducted to determine the surface chemistry of the thin film
materials. The analysis was performed with a Vacuum Generators ESCA Mk Il surface
analysis system employing a Mg-Ka source (1253.6 eV) at electron takeoff angles of 90°
(deep probing depth = 8 nm) and 20° (shallow probing depth ~ 2-3 nm) relative to the
surface. The XPS system is directly connected to the chamber holding the plasma sources
through a vacuum transfer system to allow for transfer without exposure to ambient air.
Fourier-Transform Infrared Spectroscopy (FTIR)

10



FTIR was used to obtain the chemical composition of the polymer bulk material.
The material analysis is performed ex situ with a Shimadzu FTIR spectrometer.
Additionally the plasma source may be integrated with the FTIR system to investigate the
gas phase species produced. The FTIR system will also be utilized to measure the
effectiveness of the plasma enhancement of the methane decomposition over the catalyst
material. FTIR was also conducted in attenuated total reflection (ATR) mode. The ATR
was performed using an internal reflection element of Ge crystal at 60° and the spectra
were obtained using a wire-grid polarizer (at 270° angle) placed between the interferometer
and the ATR cell. The absorbance spectra were collected at 4 cm™ resolution over 500 cm"
110 3000 cm™ and averaged over 20 cycles.

FTIR was also used for the catalysis work for both gas phase and surface
measurements. This setup uses a Shimadzu IR Tracer 100 unit with a custom made gas cell
for gas phase measurements.

Diffuse Reflectance Fourier-Transform Infrared Spectroscopy (DRIFTS)

A DRIFTs unit made by Harrick Scientific Instruments was used for this work by
the name of the Praying Mantis. In addition to the praying mantis DRIFTSs unit, a high
temperature reaction chamber (HVC-DRM-5) was used for temperature and environment
control around the catalyst sample. The reaction chamber uses two KBr windows for IR
light and has a 3rd viewport which was converted into ceramic piece integrating the plasma
source into the reaction chamber dome.

Scanning Electron Microscopy (SEM)
SEM analysis was done to investigate damage done to polymer surfaces as well as

to determine the directionality of etching for the patterned samples. The analysis was
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performed on a Hitachi SU-70 Schottky field emission gun scanning electron microscope
and was done at the Maryland NanoCenter AIMLab. The combination of top down and
cross sectional images allows for analysis of 3 dimensional trench structures.
High Speed Photography

High speed photography was conducted of the plasma in order to determine the
structure of the plasma discharge. A Phantom v7.3 camera was utilized which has a

capability of 3 Gigapixel per second.

1.5 Thesis Outline

The goal of this thesis is to advance the understanding of the critical species that
are produced by atmospheric pressure plasma sources interacting with surfaces. This is
critical to be able to advance plasma applications in a directed manner and predict new
applications for these plasma sources.

In Chapter 2, we investigate the difference in treating a surface with a directly
coupled plasma treatment compared with a remote treatment where only reactive neutral
species can interact with the surface. Additionally, we investigate how parameters such as
feed gas chemistry and local gas environment around the plasma jet impact the polymer
interaction. These findings motivated an investigation into the high energy photons to help
explain the remote treatment results.

In Chapter 3, we investigate how VUV light is produced by various plasma sources
and how it can have an impact on polymer surfaces at atmospheric pressure. We find that
certain sources which have noble gas flow to operate in particular produce this light. We

use computer modeling to investigate how the ambient air mixes with the plasma plume
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gas chemistry to see how ambient oxygen impacts the gas at the plasma plume. We also
investigate the difference that occurs when adding oxygen directly to the plasma feed gas.

In Chapter 4, a well-characterized polymer film at low pressure is used to calculate
the activation energy of the etching process by APPJ treatment and SMD treatment. These
sources operate in very different gas chemistries, discharge voltages, frequencies, and
species produced. We find that there are critical changes to the APPJ activation energy of
etching over distance of treatment which suggests a change in the dominant species causing
etching over this distance change. The SMD however shows consistent activation energy
with less reactive species. Additionally we investigate the directionality of etching for both
of these sources by looking at 3 dimensional nano-scale structures etching in silicon.

In Chapter 5, we establish a methodology for investigating a plasma catalyst system
for the decomposition of methane. We use FTIR to monitor the gas phase species produced
by the catalyst and plasma reactions looking for CO, CO2, and H20 products as well as the
reduction in methane. We also use a custom DRIFTs setup which has the APPJ plasma
source integrated into it to monitor surface changes occurring in situ during the catalysis
reaction. We can correlate the findings in the gas phase to the changes we see on the surface
of the catalyst from plasma exposure to learn more about the cause of the plasma catalyst
enhancement.

In Chapter 6, conclusions are made from this work and future directions are

discussed.
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Abstract

We characterize and distinguish two regimes of atmospheric pressure plasma (APP)
polymer interactions depending on whether the electrical interaction of the plasma plume
with the surface is significant (coupled) or not (remote). When the plasma is coupled to
the surface, localized energy deposition by charged species in filaments dominates the
interactions with the surface and produces contained damaged areas with high etch rates
that decrease rapidly with plasma source to-sample distance. For remote APP surface
treatments, when only reactive neutral species interact with the surface, we established

specific surface-chemical changes and very slow etching of polymer films. Remote
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treatments appear uniform with etch rates that are highly sensitive to feed gas chemistry

and APP source temperature.

2.1 Introduction

Atmospheric-pressure plasma sources have been increasingly investigated for a
wide range of applications, from biological*842 to industrial surface treatments.***4 Here
we distinguish two modes of APPJ operation depending on if the plume is coupled to the
surface and charged species dominate versus remote treatments where reactive neutrals
dominate. Previous work on APPJ surface interaction has not systematically
distinguished between the two interaction modes described here, despite substantial
difference in the physical mechanisms, and have primarily been investigated post-
treatment through methods such as biological deactivation,*® water contact angle,*°
atomic force microscopy,*’ Fourier transform infrared spectroscopy,*® and profilometry.*°
In this work we use a combination of in situ techniques including real time ellipsometry
and high speed photography with post characterization techniques. We find that APP
source/sample geometry, feed gas and environmental chemistry, and APP source
temperature play important roles in determining the consequences of the APP-surface

interactions.

2.2 Experiments and Methods
The plasma source used in this work has been described previously** and is based
on the design by Teschke et al. called an atmospheric-pressure plasma jet (APPJ).3” A

diagram of the experimental setup is shown in Fig. 2.1(a). The plasma source consists of
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two 20 mm long cylindrical copper electrodes separated by a 12 mm thick Teflon block
around a 6.35 mm outer diameter, 3.7 mm inner diameter alumina tube through which 2
Ipm Ar gas was flowed with or without 1% O> or N2 admixtures. The plasma was
generated using a high voltage power generator driven at 25 kHz. Applied voltage and
voltage across measurement capacitor was monitored by using a Tektronix P6015A high
voltage probe connected to a Hewlett-Packard 400 MHz oscilloscope. Power dissipated
by the plasma was calculated using the Lissajous method using a 1 nF measurement
capacitor (Cm).>*®! High speed photography of the APPJ was taken using a Phantom v7.3
camera. An ellipsometer utilizing a 1.5 mW HeNe laser at 632.8 nm was used to non-
invasively investigate thickness and index changes extracted through optical modeling of
the ellipsometric data. Surface chemistry analysis by XPS was performed by a Vacuum
Generators ESCALAB MK |1 surface analysis system post treatment. Surface
morphology was imaged post treatment using a Hitachi SU-70 Analytical scanning
electron microscopy (SEM) and through differential interference contrast microscopy.
The surface studied was a 300 nm thick PMMA-based 193 nm photoresist polymer

(PR193) film described previously.’

2.3 Results and Discussion

Figure 2.1(a) displays the two APPJ modes of operation. For the remote treatment
mode, the plasma is generated with source to nozzle distance (sn) of 15 cm and nozzle to
sample distance (ss) of 1 cm to ensure no direct electrical interaction. Plasma coupling
mode is evident by filaments visually terminating at the film surface and occurs at

combined distances closer than 15 cm, depending on gas chemistry and whether the
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plasma is confined within the tube (small sn) or exposed to the ambient (small ss). The
setup also allows for the addition of a removable, electrically insulating shield between

the plasma and sample (not shown).

plasma coupling
to surface
S,ts, < 15 cm

filaments sample

feed gas

HV
power

supply

s, (source to
nozzle distance)

sample

sample distance)
remote treatment
(a) sptsg= 15 cm

/)

Figure 2.1: (a) Experimental setup showing two distinct operational modes: remote and
closely-coupled. Plasma jet can also be exposed to ambient or confined within the
dielectric tube. (b) High speed photography at 100 fps, 30 ms exposure in open air (top
row) and enclosed environment matching feed gas chemistry (middle row). The bottom
row shows the APPJ coupling to samples, which are marked as dotted blue lines with

reflections of the plasma below them.

High speed photography of the APPJ discharge with no surface interaction is

shown in Fig. 2.1(b). The APPJ was flowed into either open air (top row) or a controlled
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environment matching the feed gas chemistry (middle row). Applied voltage for all gas
chemistries is held constant at 14 kV peak to peak and power dissipation was measured to
be 6.2 W for Ar, 9.2 W for 1% N in Ar, and 11.6 W for 1% Oz in Ar. The pure Ar plume
is concentrated in one central channel and increases in length as the environment changes
from air to Ar. This central channel nature has been attributed previously to the
metastable state Ar (43P,°) with 11.6 eV, which does not have enough energy to ionize Ar
(Ei = 15.8 V), so the plasma is only formed by streamer process.>? N, addition creates a
comparatively diffuse plume, with discharges branching away from the central filament
and extending outward when the environment matches the feed gas. This is likely due to
the introduction of Penning ionization that occurs with N2 metastable species.>® O,
addition to the feed gas, regardless of environment, greatly reduces the plume length and
intensity. This observation suggests reduced plasma density for the addition of O, likely
resulting from the loss of electrons by creation of negative oxygen ions® and is predicted
by modeling O2 addition to Ar plasma.>® The confined geometry of the APPJ controls the
gaseous environment around the plasma similar to the controlled environment shown
here.

Figure 2.1(b) (bottom row) shows high speed photography with 30 ps exposure
time of the plasma coupling to the surface. Images show filaments that extend outward
from the source tube, sometimes several in one image. At close distances, the etch region
is annular following the path of these filaments, as shown in Fig. 2.2(a). However, as the
source is moved away from the sample, the diameter of the etched area shrinks from ~7
mm to 3.7 mm, matching the tube inner diameter. This agrees with previous work that

shows that plasma bullet emission occurs in a ring shape.® Typical etch rates are locally
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>100 nm/min where the filaments terminate at the surface for coupled interactions
compared to the remote interaction, where etch rates are below 3 nm/min. The thickness
removal is lower than similar treatments by Fricke et. al,*® who see etch rates above 1000
nm/min at distances of 5 mm from the sample, likely due to differences in the APPJ
design.

The electrically coupled surface interaction mode visibly damages the photoresist
in the form of spots due to intense, localized energy deposition, leading to fast film
removal. Figure 2.2(b) shows an SEM image of a damage spot which has high roughness
throughout the affected area. High speed photography was used during a 0.5 second
treatment and the position of each filament impact was extracted. The position of these
strikes is shown in Fig. 2.2(c) and compared to the position of the significant spot
damage identified by microscopy. Areas with higher densities of strikes to the surface
positively correlate with visible spots. This indicates that the plasma will more likely
electrically couple to previously damaged spots. The small number of spots compared to
the number of filament interactions with the surface suggests that either not all filaments
cause damage or that it takes many strikes before a large spot is formed. The surface area
where more than 50 nm of photoresist was removed during the 30 second treatments was
determined for various source to sample distances (Sn+Ss) and is shown in Fig. 2.2(d). The
amount of photoresist removed decreases as distance increases and decreases more
quickly when the plasma is exposed to the ambient environment. This agrees with
previous work demonstrating the importance of the ambient chemistry around the

APPJ.} This result also agrees with the images of Fig. 2.1(b) which show reduced plume
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length in open air vs controlled environment matching feed gas, similar to how the

plasma is confined in the APPJ tube.
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Figure 2.2: (a) 1% Oz in Ar, sp =2 mm, ss =4 mm, 30 second treatment image with
interference microscopy showing annular effect. (b) SEM image showing high roughness
formed at center of a spot under same conditions described in (a). (c) Graph of where
filaments hit surface (black pixels) extracted from high speed photography of 0.5 second
treatment compared to actual spots seen by optical microscopy (red squares). (d)
photoresist surface area etched at rates greater than 100 nm/min vs distance of source
from sample (s = sn+ss) for exposed (sn fixed at 2 mm) and confined (ss fixed at 4 mm)

conditions.
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In the following we discuss remote plasma processing where direct electrical
interaction with the sample is avoided. For pure Ar flowing into air, the etch rate of the
PR193 film is initially low, called etch lag, and subsequently increases. The duration of
this etch lag increases with the amount of time the plasma has been off as shown in Fig.
2.3(a). We found that the increase of the polymer etching rate correlated with heating of
the dielectric tube. The temperature of the APPJ source was measured by an FLIR i7
thermal imaging camera and plotted vs etch rate over several experiments to make an
Arrhenius plot and estimate an apparent activation energy of ~0.9 eV. Cooling the source
externally with compressed air from approximately 80 °C to 50 °C showed a reduction of
0.05 nm/min in etch rate that then increased again once cooling was stopped. This slight
reduction further supports the dependence of the plasma surface interaction on source
temperature.

The sample was also shielded from the APPJ (using the electrically insulating
shield mentioned above), preventing etching while leaving the plasma on to prevent the
dielectric tube from cooling. As shown in Fig. 2.3(b), etch lag does not occur and the etch
rate recovers immediately after the shield is removed. This suggests that etching is not
related to sample heating during the treatment since the sample would have ample time to
cool while shielded. The sample temperature was estimated to increase by less than 30 °C
during a 30 minute argon treatment by measuring the refractive index changes of bulk

Si.4
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Figure 2.3: Remote treatment (Sn + Ss= 16 cm) at 14 kV,.p thickness change rate vs time
for (a) cycled Ar plasma on and off, (b) cycled Ar treatment by shielding the sample from

the plasma, (c) cycled Ar and Ar/N> treatment, and (d) cycled Ar and Ar/O; treatment.

Feed gas chemistry at constant applied voltage plays a large role in determining
plasma properties®’>2 as well as etching and surface modifications. Figures 2.3(c)-(d)
shows a comparison of a remote treatment with alternating pure Ar and 1% N or O
admixture to Ar under same electrical characteristics for high speed photography work.

Etch rate for N2/Ar increases to ~2.0 nm/min, which is several times greater than for pure
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Ar. N2/Ar plasma tends to extend further down the APPJ tube at similar conditions than

other gas chemistries and shows increased power dissipation from pure Ar, which likely

explains the increased etch rate. O/Ar has reduced etch rates of ~0.05 nm/min compared

to pure Ar, which saturates at ~0.5 nm/min, despite having increased dissipated power.

This decrease mirrors the drop in emission intensity seen in the high speed photography.
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Figure 2.4: XPS spectra taken after 30 min remote treatment for (ss + sn) = 16 cm

comparing surface chemistry (~3 nm probing depth) of pristine PR-193 for Ar, 1%

O,/Ar, and 1% Ny/Ar treatments.

While oxygen addition to the feed gas reduces the etch rate, increased oxygen

uptake at the surface is seen in XPS surface analysis. The oxygenation of the surface for

the pure Ar and N2/Ar treatments likely comes from plasma interactions with ambient air.

All three gas chemistries also show the formation of NOx species at the surface. The O>

treatment shows increased species with greater oxygen content such as NO3z whereas the

N2 treatment shows much less NOs and increased species that have greater N:O ratios.
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2.4 Conclusions

In conclusion, the consequences of APP surface interactions are highly dependent
on the interaction modes described here due to the distinct physics governing charged
versus neutral species. Understanding what types of species dominate the interaction with
the surface is critical to the operation of APP sources and control of surface
functionalization. Average polymer etch rates are significantly higher when the plasma
couples directly to the surface and produces localized damage as compared to the remote
plasma mode interaction, which induces slow uniform etching and subtle surface
chemical modifications. In the remote case, etch rate and surface modifications are highly
dependent upon feed gas chemistry, APPJ source temperature, and plasma interaction

with the environment.
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Abstract

This study uses the different responses of 193 nm and 248 nm photoresist (PR) materials
by vacuum UV photons in combination with several cut-off wavelength optical filters as
a diagnostic to examine the relative importance of VUV induced surface modifications
for different cold atmospheric pressure plasma (CAPP) sources. We compare the
contribution of VUV to surface modifications from four different plasma sources: an

argon based kHz driven ring-APPJ, an argon based kHz driven pin-APPJ, an argon based
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MHz driven pin-APPJ, and a kHz driven surface microdischarge (SMD) source in air.
The kHz-driven ring-APPJ showed the largest ratio of VUV surface modification relative
to the total surface modification introduced, whereas the MHz APPJ showed the largest
overall surface modification and a much smaller VUV induced component. Additionally
the MHz APPJ shows increased total thickness reduction and reduced VUV effect as
oxygen is added to the feed gas, a condition that is often used for practical applications.
This observation is consistent with the large O density previously measured for this jet.
Polymers treated by the open air operated SMD showed no thickness reduction.
Experiments show that VUV photons are primarily causing modifications for the kHz
driven ring-APPJ. We examine the influence of noble gas flow from the APPJ on the
local environment and model this gas flow at different oxygen concentrations and
compare to experiments with varied starting chamber oxygen. The local environment has
a decisive impact on polymer modification from VUV emission as O, readily absorbs the

Ar excimer wavelength.

3.1 Introduction

Atmospheric pressure plasma jets (APPJs) are one very commonly used plasma
source which usually operates with a noble gas such as Ar or He to reduce the voltage
required for plasma ignition. CAPP sources are useful due to their ability to create large
fluxes of reactive species at low gas temperatures. There has been a significant amount of
work dedicated to modeling these reactive species produced by various types of
sources®*?2, In conjunction with this modeling, there have been many reports on
characterization of various reactive species for specific plasma sources such as OH%,
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03, 0%, and high energy photons®. Part of the work below focuses on a particular
CAPP source and conditions in which VUV photons are shown to play a dominant role,

as is detailed in this manuscript.

There has been other work showing that VUV photons can be generated from
CAPP sources, though they focus on aspects other than surface modification. Reuter et
al.® has measured the VUV produced by a MHz pin-style, Ar fed APPJ (kINPen) using a
VUV-monochromator under vacuum utilizing a MgF2 window at the entrance to the
monochromator. They also measure the effect of adding small amounts of oxygen to the
environment just beyond the plasma end, though their primary interest is measuring the
atomic oxygen produced by the source over various distances. Schneider et al.>®
published work specifically differentiating VUV/UV from other reactive particles using a
specially designed MHz glow discharge APPJ utilizing He/O> mixtures which can
separate VUV from other reactive species that follow the gas flow convection. They
focus mainly on bacteria and biological macromolecule treatment but also look at
amorphous carbon films as a model polymer. They found that the VUV photons caused
the a-C:H films to harden which reduced etching from other sources (mainly atomic
oxygen). They also show that VUV photons alone are relatively ineffective at
deactivating bacteria whereas combined VUV and reactive species treatment has the
largest effect. Dufour et al.*® discusses VUV emission from a He and Oz admixture MHz
frequency plasma torch (AtomfloTM by SurfX). They propose that the mechanism for
surface modification is based on a Hex* excimer which emits at near 60 nm. They also
observe that small admixtures of oxygen decrease this VUV emission significantly. There

has also been work published looking at the effect of a single plasma source on plasma
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ashing of photoresist materials recently®. This paper uses a MHz plasma source utilizing
He/O> mixtures at 3 mm distance from source to substrate. These conditions lead to very
high etch rates on the order of 100 nm/min for 20 Watt power dissipation and are

attributed primarily to atomic oxygen.

However each of these works generally focus on a single specific type of CAPP
source. Some of these sources are driven by kHz or MHz frequencies, operated with
different noble gases such as He and Ar, have varied electrode configurations, different
dielectric materials, and different electrical properties based on these factors, causing
each of them to work differently. One of the goals of this work is to compare a variety of
CAPP sources under similar conditions and see how the source type influences the effect
on the surface. In particular, we are interested in determining how the relative importance
of vacuum ultraviolet induced surface modifications of polymers varies for the different
CAPP sources. Much of the literature also focuses on determining which reactive species
exist very close to or within the plasma plume itself. Here we focus on a remote
treatment, where the plasma is not in contact with the surface being investigated, which
leads to a more uniform and mild exposure of the surface as only longer lived reactive
species can reach the surface. Additionally this means that very little ionized species

reach the surface so sputtering by ions does not occur.

This paper will cover the investigation of a kHz ring-style APPJ source fed by Ar
gas flow to determine the dominant species involved in surface modification for a remote
treatment. This surface modification was determined to be high energy photons by
comparing indirect treatments to those with line of sight and optical filters primarily. The
effect of local environment gas composition is investigated to show that this is critical for
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the transmission of VUV photons as they are readily absorbed by oxygen species. Finally
we compare the effect of VUV for 4 different CAPP sources and under some selected
operating conditions to show for which conditions VUV may play the most dominant role

compared to other reactive species in the surface modification.

3.2 Experiments and Methods
3.2.1 Plasma Sources

This work investigates four separate cold atmospheric pressure plasma sources.

The sources are shown in figure 3.1 and their properties are summarized in table 1.

1. kHz driven ring-APPJ source: This source is based on a design by Teschke
et al.3’, and is shown in figure 3.1 a). Two copper electrodes (20 mm
length and 6.35 mm ID) are wrapped around a quartz tube (4 mm ID and
6.35 mm OD) and separated by a 1.6 cm thick Teflon block are driven by
a variable frequency AC waveform power supply (PVM500, Information
Unlimited, Amherst, NH, USA). The applied voltage is measured by a
high voltage probe (Tektronix P6015A) connected to an oscilloscope
(Hewlett-Packard 54504A) with a 400MHz bandwidth. The standard
operating conditions for this jet are 24 kHz, 14 kVp.p voltage, 3.5 Watts
dissipated power, 3 cm end of nozzle to sample distance (with plasma
contained within the quartz tube), and 2 standard liter per minute (slm) Ar
flow rate which corresponds to a 2.6 m/s gas velocity. The power for all

kHz driven sources was determined use the Lissajous method using a 10
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nF capacitor on to measure the current on the ground of the plasma
source®.

. kHz driven pin-APPJ source: This source is shown in figure 3.1 b). A
central pin electrode with a 1 mm diameter is mounted inside a quartz tube
(2.5 mm ID and 3 mm OD) with a grounded copper ring electrode (20 mm
length 3 mm ID) outside the tube. The source is operated at 24 kHz, 6 kV.
papplied voltage, 1.5 Watts dissipated power, and with 1.5 slm of Ar flow
which corresponds to a gas velocity of 8.0 m/s. The total distance was 3
cm from the end of the nozzle to the sample (with the plasma contained
within the quartz tube). The same PVM500 power supply was used as for
the other kHz sources with an AC waveform.

MHz driven pin-APPJ source: This source was designed by Bruggeman et

al. and has been extensively characterized,32 3

and is shown in figure
3.1 ¢). The design uses a 1 mm diameter tungsten pin electrode mounted
inside a quartz tube (1.5 mm ID and 3 mm OD) with a grounded copper
ring electrode (5.3 mm length, 3 mm ID). The standard operating
conditions of the MHz jet are 13.5 MHz modulated driven frequency with
a 0.2 on/off duty cycle (20% on time, 80% off time), a time-averaged
power dissipation of 3.5 Watts, a gas flow of 1.5 slm which corresponds to
a gas velocity of 8.0 m/s, and a distance from jet nozzle to sample of 1.5
cm. Details of how the power was calculated for this source can be found

in detailed work done previously*°. Operating conditions were kept as

close to previous work as possible to make it comparable.
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4. kHz driven SMD source: This source is a kHz driven surface
microdischarge source and is shown in figure 3.1 d). The phase electrode
is a5 cm square copper plate, the ground electrode is a stainless steel
mesh with 50% of opening, and a 1.6 mm-thick quartz plate dielectric
separates these electrodes. The source is operated at 42 kHz, 6 kVpp
applied voltage, in ambient air, with 3 mm distance from the metal mesh
to the sample. The same PVM500 power supply was used as for the other
kHz sources with an AC waveform. The SMD style source, due to its
different design and operation, operates at about 6.5 watts total dissipated
power but over a much larger area of discharge. This source serves as a

reference for the large number of plasma sources which are not jet styles.

3.2.2. Description of Materials

Polymethyl methacrylate (PMMA) based 193 nm photoresist (PR193) with 300
nm film thickness and polystyrene (PS) based 248 nm photoresist (PR248) with 400 nm
film thickness were used for these experiments. These materials have been extensively
investigated previously along with details of their chemical structures, and they show

significantly different behavior when exposed to VUV radiation®:.
3.2.3 Surface Characterization

The primary surface characterization technique in this work was an ellipsometer
utilizing a 1.5 mW HeNe laser at 632.8 nm which was used to non-invasively investigate

thickness and index changes measured in real-time and extracted through optical
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modeling of the ellipsometric data. The data extracted from this modeling is given in
terms of thickness loss as the area measured by the laser spot is the same for all samples.
Fourier transform infrared spectroscopy (FTIR) was conducted using a Shimadzu
IRAffinity in attenuated total reflection (ATR) mode. The ATR was performed using an
internal reflection element of Ge crystal at 60° and the spectra were obtained using a
wire-grid polarizer (at 270° angle) placed between the interferometer and the ATR cell.
The absorbance spectra were collected at 4 cm™ resolution over 500 cm™ to 3000 cm™*
and averaged over 20 cycles. Images taken of samples post treatment were performed

using a differential interference contrast microscope equipped with a digital camera.
3.2.4 Experimental Conditions

All plasma sources were mounted in a vacuum chamber with a 43 liter volume. The
chamber can be evacuated and refilled with a controlled gas chemistry for various
treatments. During experiments, this gas flow was not continued to prevent disruption of
reactive species convection to surface. When not specified the chamber was filled with
dry air prior to the start of the experiment. The operating distance was chosen for each
source to be just far enough away to not cause arcing or any filament interaction from the

source with the sample, which we call the remote treatment regime.

This paper primarily investigates comparing jet type plasma sources fed by pure Ar
feed gas unless otherwise specifically stated. The Ar used for this is 99.998% pure and

gas lines are evacuated and refilled with pure Ar prior to experiments.

MgF2 and sapphire (or alumina) optical filters are used to narrow down that

wavelength of VUV emission that affects surface modification. The MgF: filter has a
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cutoff wavelength of 114 nm and sapphire filter has a cut off wavelength of 142 nm.
When used the filters are placed directly on top of the sample to prevent air between the

filter and the sample.

3.3 Results and Discussion
3.4.1 Comparison of Plasma Sources

In this work we find that a kHz driven ring-APPJ operated so that the plasma does
not directly contact the surface primarily causes polymer thickness loss due to VUV
emission. This explains behavior previously seen for this source where less thickness loss
occurred for oxygen addition to the feed gas®2. While high energy photons are clearly the
critical species inducing polymer modifications for remote treatment by a kHz driven
ring-APPJ source, it is unclear if results seen for other atmospheric pressure plasma
sources were consistent with this finding. The physical sources and selected operating

conditions are shown in figure 3.1.
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Figure 3.1: Noble gas (Ar) fed a) kHz driven ring APPJ with two ring electrodes outside
quartz tube, b) kHz driven pin APPJ with grounded metal ring outside quartz tube and
powered pin electrode inside, and ¢c) MHz driven pin APPJ with grounded metal ring
outside quartz tube and powered pin electrode inside. Ambient air operated d) kHz driven

surface microdischarge source.
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Table 3.1: Comparison of a 20 minute plasma treatment in an air environment with Ar

feed gas where applicable comparing with and without a MgF filter.

source | dissipated | applied gas tube driving average average relative
powerfor | voltage flow inner freq. thickness loss | thickness loss | importance
Ar for Ar rate diameter rate without rate with MeF, of VUV
(Watts) (V) {lpm} {mm} MgF, filter filter {nm/min} effects
{nm/min}
MHz
pin 3.5 0.15 1.5 1.5 13.5 MH=z 10.29 0.11 1.1%
kHz
ring 3.5 14.0 2.0 4.0 24 kHz 0.749 0.153 20.4%
APPI
kHz pin o
APPJ 1.5 6.0 1.5 1.5 24 kHz 0.012 0.005 6.6%
SMD 6.5 6.0 42 kHz 0.0 0.0

The comparison between each source with and without a MgF; filter over a

PR193 sample is shown in table 3.1. The MHz pin-APPJ has the largest thickness loss

rate without a MgF. filter. With the MgF> the thickness loss rate is approximately 1% of

the thickness loss rate without the filter, suggesting that for this source, long lived

reactive species play an important role in the etching process. However it is clear that

there are some high energy photons being produced with this source as well. The kHz

ring-APPJ, which has been investigated in previous work, shows the largest ratio of

thickness loss rate with a MgF: filter as compared to without. The kHz driven pin-APPJ

shows reduced thickness loss rate for both conditions compared with the ring-APPJ and

the VUV component is smaller. Finally, the kHz driven SMD source, operating in O and

N2 mixed environments (including air), shows no thickness reduction for either condition.

It should be noted that the overall treatment area for the MHz pin APPJ and the kHz pin
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APPJ sources is slightly smaller than that of the kHz ring APPJ which would be
important for calculating the exact efficiency of material removal but is outside the scope

of this work.

There are several possible differences between the sources that could lead to
varied influence of VUV. The three APPJ type sources all show some VUV modification,
likely related to the noble gas. The SMD source operates in open air normally with no gas
flow. While VUV photons can be produced in air, the VUV emission is typically less
abundant than excimer emission in argon and the absorption length is also of the order of
100 um or less preventing VUV photons to reach the substrate®®, therefore no VUV effect
was expected for the SMD source. The ring-APPJ source has no electrode in direct
contact with the plasma which means that it requires a much higher operating voltage
than the other sources for gas breakdown. In addition, the sources with an inner powered
pin electrode in contact with the plasma exhibit a higher electron density since the
electrode can emit electrons directly into the plasma, though it can also possibly disrupt
the gas flow compared with the ring only source. This configuration also likely produces
higher local electric field strength near for the pin electrodes than for the double ring
electrodes. Another parameter that likely has a strong influence is the driving frequency.
The plasma density and composition will be higher for the MHz source compared with
the kHz sources due to changes in relaxation time for the plasma generated which leads
to a much higher reactive species density for the MHz source than the kHz sources. In
addition, the power density of MHz source is also significantly larger than for the kHz
sources for the investigated conditions enhancing further the reactive species density.

There are additional small differences between the sources such as a 1.5 Ipm flow rate for
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the MHz jet compared with the 2 Ipm flow rate for other sources. The distance from the
plasma to the sample was kept to a minimum distance without the plasma directly
touching the sample which leads to a difference in the overall distance from the source

electrodes to the sample.

The impact of higher energy photons on thickness loss is highly dependent on
local oxygen content as will be shown in this analysis. APPJ sources that operate with
noble gas often have small admixtures of reactive gas species introduced to provide
tailored reactive species for certain applications. The addition of oxygen, to produce
atomic oxygen and other reactive species, has been shown previously to be a crucial
addition to certain APPJ sources that operate close to or in contact with the sample
surface!®,%. The introduction of oxygen to the feed gas of the MHz APPJ source shows
less thickness loss with a MgF: filter in place over the sample, which corresponds to only
the VUV effect (see Fig. 3.2). This result matches well with previous work by Dufour
who show this decreased VUV effect with molecular oxygen addition to the feedgas®®.
Additionally, the addition of oxygen quenches the metastables that are responsible for the

formation of Ar excimer and the VUV radiation.
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Figure 3.2: Oxygen addition to MHz APPJ feedgas decreases average thickness loss rate

through a MgF filter but increases average loss rate for no filter for 20 minute treatment.

The MHz APPJ shows the opposite effect without the MgF filter in place,
showing more thickness loss with increasing oxygen addition to the feed gas. This
increased effect is due to the primary surface modification species being a reactive
radical, likely atomic oxygen. It has been reported that this particular MHz APPJ source
produces atomic oxygen densities on the order of 10'® cm™ for similar conditions used
here®®. This increased thickness loss rate is further evidence that the type of APPJ source
used is critical with respect to the surface effect needed as different reactive species have

vastly different surface effects.
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3.4.2 Role of VUV in Surface Modification

The kHz driven ring-APPJ source has the highest ratio of modification from VUV
compared to total modification so this source was chosen to further investigate the effect
of VUV. The details of this source are shown in figure 3.1 a) and has been described
above. The standard operating conditions that are used are 24 kHz, 14 kV peak-to-peak
voltage, 3 cm end of nozzle to sample distance (with the plasma contained within the
quartz tube), 2 standard liter per minute (slm) Ar flow rate into an air environment within

a vacuum chamber, and a standard treatment time of 20 minutes.

In order to initially determine the importance of VUV we first tested whether the
reactive species involved in the PR193 modification are highly directional. This is tested
by removing line of sight treatment from plasma to sample. This was first shown by using
a quartz tube with a bend in it to allow reactive species to travel to the surface but not
photons and keep the same total distance from the surface to the plasma. This geometry
showed no thickness reduction or modification effect. A grounded metal mesh placed
directly over the sample was used to confirm that line-of-sight interaction is key.
Treatments with the metal mesh showed a clear transfer of the mesh pattern onto the
PR193 sample as shown by images of samples post treatment in figure 3.3 a) and b).
These images were taken post treatment using the differential interference microscope. In
order to further narrow the suspected species down, a MgF filter with a cutoff
wavelength of 114 nm was placed directly over the sample above the metal mesh which
still showed the pattern transfer to the PR193 film. This confirmed that the primary
reactive species causing surface modification for this plasma source are high energy
photons. The effect was not as visible on PR248 as it is more resistant to modification by
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high energy photons®’. Certain structures of PR248 are still susceptible to modification

by high energy photons, such as the ring structure, but overall the material is more stable.

ring-
APP]J

a) sample

PR193 without
filter

Figure 3.3: Exposure of PR193 photoresist material to different sources with metal mesh
between source and sample. (A) The ring-APPJ source with no filter and (b) the ring-

APPJ source with a MgF filter both show pattern transfer.

The kHz driven SMD source was also investigated using the metal mesh with and
without the MgF: filter. No surface modification was seen for either case. There are
several differences between the SMD and ring-APPJ but primarily the SMD operates in
open air whereas the primary gas in the APPJ case is argon. This provides evidence that
the photons are directly related to the presence of noble gas and suggest excimer

radiation.
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Multiple optical filters were used to determine the wavelength of the high energy
photons. The modification of PR193 is seen when a MgF filter is over the sample but no
modification is seen if a sapphire (alumina) filter is used instead. This is shown in figure
3.4 along with the effect for no filter and the comparison to PR248. This suggests that the
wavelength of the high energy photons that are causing this modification is between 114
and 142 nm, which is in the vacuum ultraviolet range. This provides evidence that the
emission is due to Ary* excimer species which emits in a continuum spectrum around 125
nm®. It is also possible that there are some contributions to this emission from impurities
in the Ar gas flow. This Ar>* excimer state is created by a three-body collision process
involving argon metastable states®®. Emission from this species has been characterized by
previous work®, but the effect it has on surfaces has been limited to disinfection®. The
modification seen without any filter in place is greater than with an MgF filter. This
increase without the MgF filter may be due to some attenuation from the MgF filter as
the transmission drops quickly near the cutoff wavelength. It may also be due to some
emission from the Ar emission lines at 104.9nm (*P1 - 1So) and 106.7 nm (°P1- !Sg) which
would be cutoff entirely by the filter. Finally the increased effect could be due to some

interaction from very long lived reactive species.
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Figure 3.4: Average thickness loss rate measured by ex-situ ellipsometry of PR193 and

PR248 photoresist material with various types of high energy photon filters directly over

the sample.

Photoresist surface modification was measured by attenuated total reflection

Fourier transform infrared spectroscopy (ATR-FTIR). PR193 and PR248 were measured

in their pristine state, after a treatment with a MgF filter over the sample, and after a

treatment with no filter as shown in figure 3.5 a) and figure 3.5 b) respectively. We

would expect VUV to affect only the top 100 nm of the films but if this layer is modified

than we should still see a difference in the FTIR spectra. PR193 shows degradation of the
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C=0 bonding and reduction of the C-O-C bonding after treatment with both the MgF-
filter and without any filter. PR248 shows only slight reduction in the C-O-C bonding.
These results are similar to previous FTIR analysis of photoresist introduced by VUV
photons using low pressure plasma’®. Figure 3.5 c) shows the approximate structure of
these two polymers and shows the most likely bonds that would break and reform upon
VUV irradiation. These reductions correspond to the signal that is shown in the FTIR and
are also seen previously in the literature. This provides supporting evidence that we are

seeing VUV modification of these photoresist polymers by atmospheric pressure plasma.
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Figure 3.5: ATR-FTIR of (a) PR193 and (b) PR248 photoresist materials showing
changes in bulk polymer structure, specifically in the C-O-C and C=0 bonding. (c) The
chemical structure of these photoresist materials and the proposed changes to them are

also shown.

45



3.4.3 Influence of Local Environment

While conducting the initial experiments, it was observed that the treatments had
a lag time of several minutes before modification of the polymer started to occur and then
continued to increase over the treatment time. The influence of the gas flow was tested by
flowing the gas for 20 minutes prior to starting the plasma experiments. No lag time was
seen when this procedure was used and the starting modification rate was very similar to
the ending modification rate for the regular 20 minute experiment. The results of this
experiment are shown in figure 3.6 a). The Ar flow from the ring-APPJ must be having
an influence on the local environment based on this evidence. Residence time in the
chamber used was calculated to be 21.5 minutes based on the volume of the experiment
chamber (43 L) and the flow rate of the Ar gas (2 Ipm). This calculation was used to
determine the average Ar concentration in the chamber over time and was then applied to
the time of the experiments mentioned previously and is shown in figure 3.6 b). This
suggested that Ar is displacing the local air environment which allows for VUV to be

transmitted at atmospheric pressure.
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Figure 3.6: (a) Comparison of thickness loss over time with and without gas flow prior to

experiment. (b) Influence of chamber argon concentration on average thickness loss rate.

The vacuum chamber housing the ring-APPJ source was evacuated and refilled

with various O2:N2 mixtures prior to treatments of PR193 as shown in figure 3.7 a).
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Modification starts immediately only when there is no oxygen present in the ambient gas.
Modification rate also appears to plateau for the treatment with no oxygen after about 10
minutes of treatment. Using the same residence time calculation as done previously the
total remaining oxygen in the chamber can be estimated based on the starting oxygen
concentration and is shown in figure 3.7 b). We can see here that there is still a slight lag
at the beginning of treatments. However, for data 10 minutes and longer we see a very
clear exponentially decreasing effect with increasing oxygen remaining in the
experimental chamber. Overall it is clear that as more oxygen is present in the ambient
gas, less modification occurs to the PR193 sample. High energy photons in the VUV
range are most readily absorbed by oxygen species and therefore this provides further

evidence that high energy photons must be the dominant reactive species.
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Figure 3.7: (a) Thickness loss rate for various starting chamber ambient gas chemistries

over time and (b) the same data shown as a function of average oxygen concentration

remaining in chamber.

In order to fully understand the effect of the Ar gas flow from the APPJ on the

ambient gas, a finite element model was developed using COMSOL. This model was
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developed assuming laminar flow and without consideration for heating of the flow gas.
There has been work on other plasma sources that suggests that plasma heating of the
flowing gas could lead to turbulent flow, especially for higher flow rates in conjunction
with smaller APPJ tube size’?. For the kHz ring APPJ we did not observe significant gas
heating and the gas velocity is lower than reported thresholds for which turbulence
occurs”. The average ambient oxygen concentration in our chamber is not a good
measure of the oxygen absorbing the high energy photons since the Ar flow is
concentrated directly between the sample and tube so there will be little oxygen in this
region compared to the overall chamber. A simple model was developed based on the
diagram shown in figure 3.8 a) to explain this difference. The gas velocity exiting the
tube for our flow rate and tube size is about 2.5 m/s to start and is slowed as it approaches
the sample before spreading out to the sides. This profile is shown in figure 3.8 b) and is
kept constant for the concentration modeling. Since the average oxygen concentration in
the chamber is known at any given time point, the modeling was performed at a number
of static ambient concentrations. The results for the oxygen concentration over the
distance between the jet nozzle and the sample are shown in figure 3.9 a). This suggests
that the local oxygen concentration in the jet effluent is approximately 2 orders of

magnitude lower than the ambient chamber surroundings.
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Figure 3.8: Analysis of local oxygen concentration between nozzle and sample. a)

diagram of model setup. b) Model steady state gas velocity profile.

The oxygen concentration suggested by the COMSOL modeling was then applied
to a Beer-Lambert transmittance calculation to show the expected effect of oxygen

attenuation. The equation describing the particular case here is as follows:

T L
In—= —J no,(x)0p,dx (D
T, 0
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In this equation Ty is taken to be the maximum polymer modification effect which occurs
in a pure Ar/N2 environment containing no oxygen and will be proportional to the
number of VUV photons transmitted for these conditions. T is taken to be the amount of
polymer modification at a given oxygen level ambient which is proportional to the actual
transmission after some loss to oxygen absorption. This transmission term (T/To) is used
to represent the number of photons that are interacting with the surface. L is the path
length of the VUV photons through the oxygen-containing gas which is 3 cm from the
nozzle to the sample, no2 is the oxygen number density based on the oxygen
concentration, and ooz is the oxygen cross section at 125 nm. The oxygen cross section
was found from the literature to be approximately 10 x 108 cm? for 125 nm®* 74, Water
vapor can also absorb VUV photons in this range at a similar magnitude to oxygen but
the chamber is refilled with dry compressed air so the concentration of water vapor to
oxygen should be small enough to not influence this significantly. The distance was
broken up into discrete steps of 1 mm spacing (x) and the oxygen concentration was

averaged within these steps.
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Figure 3.9: a) Extracted oxygen concentration for various chamber ambient oxygen
concentrations over y position at discrete points (model output) b) comparison of

modeling data with experimental data.

The comparison of the results from this calculation with the experimental data is
shown based on the ambient oxygen in the chamber in figure 3.9 b). The comparison here

shows the average thickness loss rate at a given time period from the experiment which
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corresponds directly to an average ambient oxygen concentration within the chamber.
This ambient is then modeled using the COMSOL program and to give concentration
over the distance between the nozzle and the sample broken up into steps as described
above. The equation 1 is then used to calculate the attenuation of the VUV based on a
maximum effect in a nitrogen environment. Comparison of the model to the experimental
data suggests that the model gives a fairly good representation of how the Ar flow is
affecting the local O2 concentration near the plasma source, and the effect on VUV
induced sample modifications. The only deviation from this trend is showing a lower
modification rate (corresponding to a lower transmission) than expected for certain data
points. These data points are from the start of the treatments when we see the initial lag in
modification where the modeling makes an assumption that the maximum modification
rate (TO) is taken from time points after this initial lag. Additionally, the COMSOL
modeling is conducted by calculating the steady state condition so that it predicts the
maximum modification rate for a given condition. Therefore it is expected that the data

and the COMSOL model match best toward the upper end of the modification rate data.

3.4 Conclusions

High energy photons in the VUV range have a strong impact on near-surface
modifications for remote plasma treatments of PR193 by a kHz driven ring-APPJ. This
modification is highly directional, and takes place through a MgF: filter. The nature of
the observed changes of the photoresist chemical structure is similar as seen for VUV

exposures for low pressure Ar containing plasma. Oxygen in the local environment
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readily absorbs the high energy photons but this is displaced over time by the Ar flow
from the APPJ. A simple model of the gas flow was used to show that the oxygen
concentration between the jet and the sample is dependent on the composition of the
average gas environment in the chamber, but much lower. The type of APPJ source is a
key factor in the relative importance of VUV photons relative to other reactive species in
its contribution to surface modification. The presence of noble gas, along with other
design specifications, is important for the generation of VUV and its transmission to the
surface. Even small additions of oxygen to the noble gas fed to the APP source can
reduce the overall VUV induced effect and in the case of the MHz jet could strongly

enhance the mass loss rate through a radical process, most likely atomic oxygen.

3.5 Acknowledgments

The authors thank D. Metzler, C. Li, A. Pranda, B. Nguyen for helpful discussions and
other contributions to this work. We also gratefully acknowledge financial support of this
work by the US Department of Energy (DE-SC0005105, DE-SC0001939) and National

Science Foundation (PHY-1004256, PHY-1415353).

55



Chapter 4: Polymer Etching by Atmospheric-Pressure Plasma Jet and
Surface Micro-discharge Sources: Activation Energy Analysis and
Etching Directionality

A. J. Knoll}, P. Luan?, A. Prandal, R. L. Bruce?, G. S. Oehrleint

1. Department of Materials Science and Engineering and the Institute for Research in

Electronics and Applied Physics, University of Maryland, College Park, MD 20742, USA

2. IBM TJ Watson Research Center, Yorktown Heights, NY, 10598, USA

This work is published and can be found in full by the following citation: A. J. Knoll*, P.
Luan?, A. Pranda!, R. L. Bruce?, G. S. Oehrlein, Plasma Processes and Polymers,

2018;e1700217

Abstract

Treatments of polymer films using either a MHz atmospheric pressure plasma jet (APPJ)
or an atmospheric pressure surface micro-discharge (SMD) plasma are investigated.
While the typical approach to determine relevant reactive species is to correlate surface
effects with gas phase species measurement, this does not capture potential synergistic or
other complex effects that may be occurring. Activation energy and directionality of the
etching process can characterize what is occurring at the surface for these processes in

more detail. The APPJ source shows an apparent activation energy of ~0.18 eV at 8 mm
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distance and up to ~0.34 eV at 16 mm distance for a temperature range of 20 to 80 °C
tested with thin polymer films. The APPJ source shows directional etching at 8 mm
distance with less anisotropy the more distance is increased. The SMD source has an
apparent activation energy of ~0.8 to 0.9 eV at a distance of 3 mm. The SMD also only
shows isotropic etching behavior. However the SMD surface chemistry changes
significantly to less oxidation with increased temperature while the APPJ source induced
modifications remain very similar with temperature change. The lower apparent
activation energy of the APPJ-induced etching reactions as compared with low pressure
work (0.5 eV) and observation of line-of-sight contribution to etching suggests the
involvement of a directional species at closer distances facilitating the etching which falls
off with increasing distance. The high activation energy of the SMD suggests that species
with less capability for etching is responsible compared to the APPJ and low pressure
plasma. The high surface oxidation from low temperature SMD treatments shows that the
surface is being oxidized but not sufficiently to reach the desorption step of the etching

process.

4.1 Introduction

Cold atmospheric pressure plasma (CAP) sources are being applied to increasing
numbers of applications due to their versatility. While CAP sources have been used for
ozone production since CAP technology was first developed, recently the development of
jet style sources with an extended plume near ambient temperature has allowed expansion
to new applications,® including plasma medicine,>** polymer adhesion,® thin film
deposition,'® water decontamination treatment,'! food sterilization,’> and catalyst
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enhancement.’® Despite the wealth of applications being studied, there is a lack of
understanding of the causal relationship between the reactive species that are produced and
the surface effects seen. Specifically plasma has been shown to have significant impact on
polymers,” tissue,’® biomolecules,”” and cells’ but in all of these studies it in unclear what
the key variables are that determines the seen surface effect. There has been a significant
amount of research dedicated to modeling reactive species and how their densities change
with various plasma parameters of sources.®3 Additionally effort has been dedicated to
measuring various species such as OH,* 033* 0,% and high energy photons® for various

plasma sources.

The goal of this work is to understand two distinct CAP sources that behave very
differently when interacting with thin polymer films and to understand key variables that
determine outcomes at surfaces. Previous studies have shown that there are key differences
between the plasma sources with regard to etching polymer films.”® We seek to compare a
MHz APPJ source with a SMD source that between these two types have shown
fundamentally different behavior with respect to their interactions with polymers surfaces.
The MHz APPJ has been well characterized®3? to determine which gas phase species it
produces and these have been correlated to the amount of etching of polymer films.81:82
The SMD has also been characterized® and shown to produce some similar gas phase
species however it does not cause significant etching of polymer films at room temperature.
Additionally we found that the total amount of surface modification is significantly higher
for the SMD than for the MHz APPJ, consistent with the plasma surface interaction
mechanism being very different between these two sources. It has been assumed previously

that all the etching seen at room temperature is due to short-lived highly-reactive chemical
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neutral species which travels from the plasma source to the sample when there is no visible
contact between them.8-8 This work seeks to explain these differences by investigating
the behavior of the species that are responsible for etching and surface modification by

looking at directionality and activation energy.

A first question this paper will seek to answer is why two different styles of CAP
sources cause completely different behaviors when interacting with polymer films with
regard to etching and surface modification, and how this difference may be useful in
understanding the etching mechanism. This question can be investigated by looking at
numerous different operating parameters of the various sources such as gas chemistry,
distance, and sample temperature. Additionally we can compare the behavior of the CAP
sources with low pressure plasma systems treatments on the same surfaces to better
understand these differences. The next question is can we understand if there are
differences in the reactive species being generated by the different CAP sources by
investigating specific surface effects such as activation energy and directionality.
Understanding the cause of this difference would allow for better design considerations of

sources toward specific applications.

Our approach to answer these questions will be to use methods that have been
previously used in low pressure plasma environments to investigate polymer etching. The
first measurement of surface interactions will be to examine the activation energy
characteristic of polymer etching for each plasma source. The polymer film used here is a
193 nm photoresist which has been analyzed at low pressure so the activation energy in
oxygen plasma systems is well documented.?* Aside from this comparison, the polymer

film is based on poly-methyl methacrylate (PMMA), a commonly used polymer and our
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results can therefore be related to these.®® In general, a lower activation energy suggests
that etching species carry energy to the surface and initiate polymer etching.®® Higher
activation energy suggests that the etching species have less energy and more thermal
energy is needed for etching to occur. Another method that will be utilized is investigation
of the directionality of the etching species produced by the plasma sources. This will be
done using 3 dimensional structures with stacked layers of polymer films which can be
etched and a layer of hard mask which should not be etched by any plasma produced

species.

4.2. Experimental Procedures
4.2.1 Plasma sources

Two primary plasma sources were utilized in this work. They were chosen due to
their completely different principles of operation and operating environment, and the
variances in surface effects such as modification and etching seen from previous

work 81,17,82
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Figure 4.1: a) Schematic designs for RF jet, b) schematic design for SMD, and

experimental chamber setup with ellipsometry and gas control.

The MHz driven APPJ source was designed by Bruggeman et al. and has been
extensively characterized®®32% and is shown in figure 4.1 a). The design uses a 1 mm
diameter tungsten pin electrode mounted inside a quartz tube (1.5 mm inner diameter
(ID) and 3 mm outer diameter (OD)) with a grounded copper ring electrode (5.3 mm
length, 3 mm ID). The original design is based on the atmospheric pressure plasma jet
proposed by Park and Selwyn.®” The standard operating conditions of the MHz jet are a
13.5 MHz modulated driven frequency with a 20% on/off duty cycle (20% on time, 80%
off time), a time-averaged power dissipation of 2 watts, a gas flow of 1.5 slm (which
corresponds to a gas velocity of 3.5 m/s), and a distance from jet nozzle to sample that

ranged from 8 mm to 16 mm. Details of how the power was calculated for this source can
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be found in previous work.*® Operating conditions were kept as close to previous work as

possible to make the conditions comparable.828!

The kHz driven surface microdischarge source (SMD) is shown in figure 4.1 b).
The powered electrode is a 25 cm? square copper plate, the ground electrode is a stainless
steel mesh with 50% of opening, and a 1.6 mm-thick quartz plate separates these electrodes.
The source is operated at 42 kHz, 6 kVp-p applied voltage using a PVM500 power supply,
in ambient air, with 3 mm distance from the metal mesh to the sample. The SMD style
source, due to its different design and operation, operates at about 6.5 watts total dissipated
power but over a much larger area of discharge compared to the MHz-driven APPJ source.
The design of this source is based on the work by Morfill.”® There is a wealth of literature
looking at sources similar to this one for use in disinfecting surfaces. Li, Y. et al. (2012)
shows a several log reduction in colony forming bacteria units from as little as 2 seconds
of treatment operated in ambient air.%8 Maisch, T. et al. (2012) uses a surface
microdischarge source to look at the disinfection of several varieties of bacteria in ambient

air.8®
4.2.2 Experimental Setup

This work was conducted by placing the atmospheric pressure plasma sources in a
sealed chamber in order to accurately control the ambient environment surrounding the
plasma source. The chamber was pumped to remove ambient air and then refilled with
nitrogen or oxygen gas depending on the experiment. The ellipsometer is mounted on this
sealed chamber to monitor the sample properties during treatment or immediately post
treatment. A custom built heating unit was installed into the chamber that utilized a

thermocouple to monitor sample temperature and a proportional—integral—derivative (PID)
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controller to keep the temperature of the sample at a precisely controlled value. The APPJ
plasma source is mounted on a custom built x and y-axis stage®®? to uniformly treat a large
area of polymer so that the sample properties can accurately be measured using
ellipsometry. This x-y axis stage was tested in this previous work to ensure that the sample
area was uniformly treated.®? The SMD plasma source was mounted on a custom built z-
axis stage to precisely control the height of the SMD above the polymer sample and to
move the SMD to allow for ellipsometric measurement immediately following sample
treatment. The SMD treatments are generally done for 7 minutes and the APPJ source was

scanned over the surface at a speed of 2.4 mm/s.
4.2.3 Materials

A PMMA-based 193 nm photoresist (PR193) thin film polymer of 140 nm
thickness was used for the apparent activation energy and etching behavior study. A
stacked structure of photoresist, Si-containing Anti-Reflective Coating (SIARC) hard
mask, organic planarization layer (OPL), and tetraethyl orthosilicate were used to
investigate etching directionality. This polymer film was used to provide comparisons to
literature values in similar etching studies at low pressure®®®! and because its behavior is

generally similar to PMMA films®® which are common to numerous applications.
4.2.4 Characterization

The APPJ has been characterized to show the flow dynamics,’? gas temperature,*°
electron density,”? density of NO,% and 0. The electrical behavior of the SMD plasma
source as well as the types of reactive species that it produces has also been

characterized.%*83
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Ellipsometry was conducted in situ and ex situ using an automated rotating
compensator SOFIE STE70 ellipsometer in the polarizer-compensator-sample-analyzer
(PCSA) configuration using a He-Ne laser (A = 632.8 nm) at a ~72° angle of incidence.
The measurement of amplitude ratio after reflection (psi) and the difference in the phase
shift (delta) are converted into film thickness and modification through multilayer optical

modeling.

X-ray photoelectron spectroscopy (XPS) characterization was done using a
Vacuum Generators ESCALAB MKII system for surface chemical composition analysis.
High resolution spectra of the C 1s, N 1s and O 1s were obtained at 20 eV pass energy at
an electron take-off angle of 20° with respect to the sample surface to look only at the
sample surface. Samples were transferred through air environment immediately following

plasma treatment and were scanned within ~30 minutes following treatment.

Scanning electron microscopy (SEM) analysis was done to investigate damage
done to polymer surfaces as well as to determine the directionality of etching for the
patterned samples. The analysis was performed on a Hitachi SU-70 Schottky field emission
gun scanning electron microscope and was done at the Maryland NanoCenter AIMLab.
The combination of top down and cross sectional images allows for analysis of 3

dimensional trench structures.
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4.3. Experimental Results

4.3.1 Activation Energy for APPJ

The room temperature etching of the APPJ source was investigated at various
plasma conditions before the effects of increasing temperature were investigated and is
displayed in Figure 4.2 a). The etching behavior of the APPJ changes significantly with
feed gas chemistry, distance, and local environment interactions which are critical to

understand prior to understanding the sample temperature effect.
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Figure 4.2: a) Etching behavior of PR193 by APPJ at room temperature for various feed
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b) Example Arrhenius plot of log of etch depth vs 1/ temperature for APPJ treatment and
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All conditions show a nearly linear decrease in etch depth with increasing
treatment distance from 8 mm to 16 mm in a controlled N2 environment. The magnitude
of etching caused by 1% H»>O admixture to Ar is greater than the 1% O, admixture and
the pure Ar feed gas chemistries. The pure Ar chemistry plasma power had to be
decreased from 2 Watts to ~1 Watt in order to shorten the plasma plume length to a
similar magnitude as the 1% admixtures, though the Ar plume length was still slightly
longer than 4 mm. Pure Ar shows a smaller rate of thickness loss with increasing distance
compared with the 1% H>O and O, admixtures which have very similar magnitudes in the
loss rate. This could be due to the slightly longer plume length which would likely
involve charged or metastable species causing the brunt of the etching here since there
should be very little if any oxygen based species for this case. For the 1% O, admixture

changing the environment to pure oxygen gas significantly decreases the etch depth. &

This etching behavior is likely due to reactions of atomic oxygen produced in the
plasma plume with surrounding oxygen in the gas phase which produce ozone that is less
oxidative than atomic oxygen and therefore causes less etching.81% For a pure N>
environment, this reaction pathway does not exist and therefore the atomic oxygen can
have a longer effective mean free path. Lowering the gas flow rate from 1.5 Ipm to 0.5
Ipm also greatly decreases the etch depth. The reduction of flow rate did not have an
impact on the plasma jet plume length for the oxygen admixture cases. Additional
information on the behavior of the APPJ source at room temperature has been published

in more detail elsewhere. 8182

The etch depth of the polymer films rises with increasing temperature. This has also
been shown for low pressure plasma treatment of polymer films.%®” The apparent
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activation energy is derived from the overall etch rate of the polymer film which involves

multiple reactions. This is obtained using an Arrhenius rate equation:

Eq
kpT

ker = Agr - exp(—) (4.1)

In this equation Ker is the rate constant for the overall etching reaction which we assume
to be proportional to the etch depth of the polymer films. For this etching reaction, it is
assumed that the etching reaction that occurs for the polymer films is a activated surface
process for neutral gas species. Therefore an exponential dependence on temperature is
expected as shown in equation 4.1. From this equation the activation energy Ea can be
extracted from the slope of an Arrhenius plot which consists of the log of the etch depth

vs. 1/T.

The apparent activation energy is related to the contribution of thermal energy to
the etching process. If there is only one etching species produced by the plasma source then
the activation energy should not change with changing plasma conditions such as distance,
gas flow rate, and gas chemistry. By using polymer thin films that have been investigated
at low pressure the apparent activation energy seen from that work can be compared to the
apparent activation energy achieved from the atmospheric pressure plasma sources. Lower
apparent activation energy is directly related to the presence of higher energy species which
more easily break the carbon backbone bonds that give rise to etching. The change of
etching activation energy by adding more energetic species has been studied fairly
extensively at low pressure plasma systems, particularly for the addition of fluorine to

oxygen plasmas.86:98.97.84
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Figure 4.3: Apparent activation energy vs nozzle to sample distance for various APPJ

feed gas chemistries and various environment gas chemistries and feed gas flow rates.

The apparent activation energy calculated from an example Arrhenius plot for 1%
O2 in Ar is shown in figure 4.2 b). The temperature range of the experiments is from 20
°C to 80 °C. Itis clear from this plot that the activation energy is increasing with
increasing treatment distance. The calculated apparent activation energy for each distance
and plasma condition is shown in figure 4.3. The 1% O admixture shows a distinctive
increase from 0.18 to 0.34 eV over an 8 mm to 16 mm distance. Changing the local
environment to oxygen from nitrogen had very little effect of the activation energy for
1% O admixture. However, decreasing the flow rate from 1.5 Ipm to 0.5 Ipm increased

the apparent activation energy for 1% O» admixture, though the trend with distance
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stayed the same, increasing from 0.35 eV at 8 mm to 0.54 eV at 16 mm. 1% H>0
admixture shows low apparent activation energy for all distances compared with all other

conditions.

4.3.2 Activation Energy for SMD

The SMD source operates in a significantly different manner than the APPJ
source. The plasma produced is contained around the grounded mesh without a
directional gas flow toward the surface so there is no plasma plume and it relies on
diffusion for species transport. The SMD plasma source shows a thickness increase at
room temperature and causes etching once the temperature is increased to approximately
60 °C. The complete thickness change of the polymer film for SMD treatment conditions
is shown in figure 4.4 a). The maximum effect at all temperature is seen for the 15% N>
in O2 gas chemistry condition. This corresponds also to the gas chemistry that causes the
maximum surface modification condition seen in previous work by the same plasma
source.'” Etching occurs in increasing amounts above 60 °C, whereas below this
temperature some thickness increase is seen for the SMD treatment. This thickness
increase falls off once treatment has stopped in an exponential manner with respect to
time. The thickness falls to consistent value within ~2 minutes following the end of the
treatment and this occurs regardless of temperature. The only condition that does not
show any thickness increase is for the pure N2 gas chemistry condition; however this
condition still shows etching at higher temperatures. Figure 4.4 b) shows the distance
effect of SMD treatment for the 15% N2 in Oz gas chemistry condition. Etch depth falls
off exponentially with distance in contrast to the distance behavior observed with the
APPJ source. This is likely explained by the lack of a convective flow and is discussed
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later in the discussion section. In the case of the SMD, the apparent activation energy of
the etching reaction was only measured for 3 mm distance because the etching effect falls
off so rapidly with distance that the activation energy was too difficult to measure

accurately.

Calculation of the apparent activation energy for the SMD source was done in the
same manner as for the APPJ over the range of temperatures from 60 °C to 90 °C. The
Arrhenius plot showing the calculation of the activation energy is seen in figure 4.5 a).
The appearance of the slopes is fairly similar over all treatment conditions. The
calculated apparent activation energy is shown in figure 4.5 b) for all gas chemistries
explored. The activation energy for conditions containing oxygen is in the range of 0.8 to

0.9 eV with little change. This activation energy drops slightly for the pure N2> case.
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Figure 4.4: a) SMD treatment of PR193 at 20-80 °C for different gas chemistries and b)

SMD treatment over various distances for most etching condition.
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4.3.3 Etching Directionality

The directionality of the etching of the APPJ and the SMD plasma sources was
investigated using three dimensional structured samples as described in the materials and
methods section. The goal of using these samples was to examine the etching behavior in
both the vertical and lateral directions of a polymer photoresist layer above the hard mask
layer and an organic planarization layer located under the hard mask layer. A schematic
of the SEM cross section image of an untreated stack sample is shown in figure 4.6 a). In
this schematic, the PR is the photoresist, the SIARC is the hard mask layer, and OPL is

the organic planarization layer.

The etching behavior of the APPJ source shows some anisotropy depending on
the treatment conditions. Figures 4.7 a) and b) show the cross sectional SEM images for
two example treatment conditions for the APPJ source treatment. Figure 4.6 b) show
samples treated at 8 mm distance and at 20 °C. These conditions show a vertical etch
depth of 13.3 nm with an undercut etch of 6.0 nm. However, when the treatment distance
is increased to 16 mm and the temperature increased to 80 °C as shown in figure 4.6 c)
the vertical etch is 15.5 nm compared to an undercut etch of 12.8 nm. The APPJ
treatment conditions for the OPL and PR layer are shown in figure 4.7 a) and ¢)
respectively. Here we see that the ratio of lateral to vertical etching increases with
increasing treatment distance and temperature. This data suggests that there is anisotropic
etching for the APPJ source that becomes more isotropic with increasing treatment

distance.
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Figure 4.6: a) untreated patterned sample with 100 nm trench feature taken by SEM, b)
example SEM image of APPJ treatment showing most anisotropy, c) example SEM
image of SMD treatment showing most isotropic condition, and d) example SEM image

of SMD treatment showing top down etch and undercut etch.

The etching behavior of the SMD source is generally isotropic. Figure 4.6 d)
shows an example cross sectional SEM image for SMD treatment at 15% N2 in O gas
chemistry at 80 °C and 3 mm distance. For this condition we see an average vertical etch

depth directly between the trench structures of 13.7 nm and we see a lateral etch depth
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under the hard mask, also known as undercutting, of 13.3 nm. The SMD treatment of the

three dimensional structures samples ratio of undercut to top down etching for both the

OPL and PR layer are shown in figures 4.7 b) and 8 d) respectively. We see that the ratio

of lateral to vertical etching is approximately 1 for all treatment conditions which is

characteristic of isotropic etching.
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Figure 4.7: APPJ treatment of patterned samples showing ratio of lateral to vertical etch

depths of organic planarization layer for various treatment conditions.
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4.3.4 Surface Chemistry

The surface chemistry was measured using XPS directly following plasma
treatment of polymer films. The first critical example of this was demonstrated in
previous work on these plasma sources and is summarized in figure 4.8. The previous
work compares the surface chemistry of a model polymer directly after treatment by both
sources.™ It is clear that the SMD treatment creates significantly more oxidation in
general as can be seen by the reduction in the C1s spectrum C-C/H bonding and increase
in the O1s spectrum total counts. Additionally, a peak appears in the N1s spectrum at a
408 eV binding energy that corresponds to NO3 attachment to the surface. The difference
in surface chemistry along with the large variation in etch rate suggests that the etching

mechanism must be different between the two plasma sources.
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Figure 4.8: Comparison of MHz APPJ and SMD surface chemistry changes showing

high resolution spectrum of a) C1s, b) N1s, and ¢) O1s.
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The SMD surface chemistry is measured post treatment for low and high

temperature treatments at the same gas chemistry to highlight the difference between

etching and non-etching cases. Figure 4.9 shows this comparison of the surface chemistry

after SMD treatment at 20 °C and 80 °C. The surface chemistry at the lower temperature

shows very high amounts of surface oxidation. In particular the total counts of the O1s

spectrum are significantly higher than the pristine sample as well as the addition of a

peak corresponding to NOgs in the N1s spectrum. When the treatment is done at higher

temperature and etching takes place at a rate of up to 5 nm/min the amount of oxidation is

less and closer in magnitude to the pristine samples. However, the total amount of the

NOs peak stays the same at both temperatures.

a) e
Cis XPS PR
SMD treat
5 C-CH 15% N, in O,
20 deg angle
4. —— pristine
cO0 | —20°C
g_) —80°C
o3
=

C-0-C/C=0

0 T T 1 Py
282 284 286 288 290 292 294

binding energy (eV)

b) 0.8 C) 6
N1s 0-CO*-0 -O1s
0.7 NO, 5 0-c=0" ) [oe]
0.6- O-NO,*
Cc-0
0.5 &
o 2 {
4 3
S S 4
0.3
21 \
0.2-
0.1 | 11
ul".\‘\"/ [l l ‘» A KM \

99 402 405 408
binding energy (eV)

a 0 bl T T T Y
411 528 530 532 534 536 538 540
binding energy (eV)

Figure 4.9: XPS of SMD treatment at varying temperatures showing high resolution

spectrum of a) C1s, b) N1s, and ¢) O1s.

The APPJ surface chemistry was also measured post treatment for low and high

temperature treatments under the same operating conditions, The results of these
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treatments are shown in figure 4.10. The higher temperature treatment shows a decrease
in oxidation which can be seen in both the C1s and the O1s spectrums respectively. This
coincides with an increase in the etching amount that occurs during this same temperature
increase similar to the surface oxidation behavior seen for the SMD source. It should be
noted that surface chemistry of the photoresist material shows a small concentration of
fluorine in addition to the carbon, oxygen, and nitrogen species. For the pristine polymer
this concentration is around 1 % of the total XPS counts. Following treatment this
concentration increases to a maximum of 7% of the total XPS counts. Contamination
from the APPJ treatment or from XPS analysis chamber has been discounted since no
fluorine peaks are seen for polystyrene samples treated and measured during the same
time period. We believe this increase seen is due to a buildup of fluorine from the bulk
polymer on the surface as carbon and oxygen species are being etching away while the
fluorine from the sample is not. Therefore this fluorine percentage should scale with the
amount of total etching that has occurred, which is what we see for the two cases shown
in the data in figure 4.10. Due to the low concentration of fluorine, it is unlikely that the
fluorine has a significant impact on the value of the apparent activation energy measured

and/or etching behavior of the polymer.
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Figure 4.10: XPS of APPJ treatment at varying temperatures showing high resolution

spectrum of a) C1s, b) N1s, and ¢) O1s.

4.4. Discussion

The APPJ and SMD plasma sources interact with polymer surfaces in very
different ways. The APPJ source is operated in the MHz regime utilizing a 20% on, 80%
off duty cycle to maintain a low operating temperature. The APPJ requires primarily
noble feed gas, in our case Ar, with typically 1% of reactive gas admixture to change the
chemical species produced. The primary transport mechanism for the APPJ source is
convection of the gas flow toward the sample and the plume chemistry is typically
influenced by small amounts of diffusion of gas from the ambient gas chemistry into the
plasma plume that extends toward the surface. The extended plume, due to the
combination of noble gas flow and strong electric field, contributes to the unique

behavior seen for the etching of materials by the APPJ. The SMD source, besides using
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O2/N2 chemistry, is operated in the kHz regime which gives many distinct breakdown
events per voltage cycle similar to a corona source. The SMD operates by ionizing the air
or local environmental gas that is directly near the grounded mesh electrode. This source
relies entirely on diffusion to transport reactive species from the plasma region to the

sample as there is no active gas flow involved.

It is clear that the mechanisms for etching are different between these two sources
due the ability of the APPJ to etch at room temperature compared to the SMD.
Additionally, the surface chemistry clearly shows that different mechanisms are
occurring which lead to the vastly increase surface oxidation for the SMD following
treatment. It should also be noted that for all this work the visible portion of the plasma
produced by either source is not in contact with sample surface, a configuration which we
refer to as remote plasma treatment regime. This allows us to compare the work more
directly to remote low pressure plasma treatments® where the samples are removed from
the visible glow regime of the plasma at low pressure as well. When the visible portion of
the jet plasma plume is in direct contact with the surface of a polymer sample we see a
distinct pattern emerge. This is characterized by impacts of electrical filaments on the
surface which leave behind damage areas and lead to highly non-uniform etching of the
polymer based around where these filaments strike the surface.®? For the treatments
conducted by the APPJ in this work, this clearly destructive mode of interaction with the
surface is checked for and avoided so that we can rule out filament effects for the

explanation of the experimental results.
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4.4.1 APPJ Behavior

The etching behavior of the APPJ can be explained by the production of reactive
chemical species. For instance, the effect of local environment has been explored in detail
previously® and described how additional oxygen in the environment may react with
chemical etching species produced in the jet to reduce the overall effectiveness of
etching. One of the primary etching species produced by the MHz APPJ is atomic oxygen
and it has been shown to correlate well with polymer etching.8! Additionally this work
shows how oxygen present in the local environment causes the total etching of the APPJ
to drop which is likely due to atomic oxygen reacting with the local oxygen in the
environment to produce ozone. However, it should be noted that an oxygen environment
may also reduce the path length of some charged species as well. Oxygen is an
electronegative gas and has a strong electron affinity which may reduce the plasma
density. For instance, a streamer breakdown process is always influenced by the presence
of an electronegative gas due to the reliance on electrons to propagate.®® This may also
contribute to the reduction in etching seen for an oxygen environment in the case of the
MHz APPJ etching. Additionally, we see that water addition to the plasma increases the
effectiveness of etching at room temperature which is likely due to the higher reactivity
of OH species by about two orders of magnitude compared with O reactive species.®
Previous work using the MHz APPJ has correlated the amount of measured atomic
oxygen produced to the amount of carbon removal due to etching for a number of

polymer films 8!
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4.4.1.1. Activation Energy of APPJ Etching

The simplest assumption therefore is that the polymer etching would be due
entirely to chemical etching species for situations where the visible plume of the jet is not
in contact with the polymer film. One would then expect the APPJ to behave very
similarly to a remote low pressure oxygen plasma, which is entirely due to chemical
reactive species etching. Indeed this is the assumption that is made by several previous
works on APPJ sources which correlate reactive neutral species with etching amount. 029
However the apparent activation energies that are found for the APPJ are different from
published values for low pressure work. For low pressure remote oxygen plasma
treatments, the measured apparent activation energy values for the photoresist thin film
polymer used in this work are approximately 0.5 eV.®* The cited work states that this
should primarily be due to atomic oxygen and related chemical species, the same primary

reactive species that have been well characterized for the APPJ source.

Therefore, because the activation energies for the typical oxygen admixture
plasma treatment in this work are much lower than this value, and also depend on
treatment distance and other source operating parameters, O atoms alone cannot explain
our observations. Next to O atoms, one or more additional species must be playing a role
in the etching seen. Because activation energy represents the amount of thermal energy
required to induce significant etching, a lower activation energy suggests that the etching
process seen here does not require as much thermal energy. This means that the etching

mechanism must involve species that have greater energy than atomic oxygen.
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The apparent activation energy also increases with increasing treatment distance.
If the etching were due to a single species then the activation energy should be constant
with changing distance as the etching change with thermal energy input would stay
consistent. This suggests that as distance increases, the species causing etching are
changing in relative importance, and the results indicate that the more energetic species
that contribute to etching decay at a faster rate in the plasma effluent than the less
energetic etching species. Lowering the flow rate would significantly increase the
fraction of ambient gas that diffuses into the plasma jet plume which could then change

the dynamics of the discharge.

4.4.1.2. Directionality of APPJ Etching

The directionality of the etching suggests that there is a directional component to
the etching seen from the APPJ source, which is absent polymer etching induced by the
SMD source. This directionality is seen for both polymer film layers in the stacked
patterned samples. Specifically, directionality refers to there being more etching in the
line-of-sight-of-source direction compared with the lateral shrinking of the photoresist
layer or the undercut etching of the OPL layer under the hard mask layer. The amount of
directionality of etching changes for the APPJ source with changing sample to nozzle
distance. This behavior suggests that the species which are contributing to the directional
etching is falling off more quickly with distance than the species causing the isotropic
etching. This observation further supports what has been seen for the activation energy:
that the ratio of different reactive species contributing to etching is changing over our
treatment distances studied. There are several possibilities for what these directional
species may be but there is currently no direct evidence that could be used to identify it
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(them). Possibilities include high energy photons, which are unlikely due to the reasons
discussed below, or charged species moving toward the grounded substrate below the

sample.
4.4.1.3. Photon Directionality

Photons are known to cause significant directional modification of the polymer
films studied in this work based on low pressure plasma processing experiments which
can lead to an overall thickness reduction in the films.”%192 At atmospheric pressure, high
energy photons are known to cause a directional-effect based on line of sight to the
plasma source and has been suggested to contribute to applications such as bacteria
disinfection.>® However, it is unlikely that the enhancement of the APPJ etching at closer
distances is due to photons. While the MHz APPJ source has been shown to produce
some VUV photons, the addition of oxygen to the feed gas typically quenches the photon
effect seen at the surface.” Additionally, the modification of photoresist by high energy
photons leaves a very distinct densification of the polymer film which is not seen in the

ellipsometry data for this etching.

Photons with wavelengths higher than 140 nm have been shown in previous work
to not directly cause modification of the polymer film used in this study. However, it is
still possible that lower energy UV photons may contribute to the etching process through
hydrogen abstraction or other processes. This lower energy UV light would still have the
same directional effect as higher energy photons so it is possible that the results seen are
due to UV enhanced chemical etching of the polymer film. These higher wavelength UV

photons could be produced by collisions of atoms or molecules.
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4.4.1.4. Charged Species Directionality

The MHz APPJ, however, has a gas flow which helps carry reactive species to the
surface, though over a larger distance of 8 to 16 mm. The gas flow is held constant at 1.5
Ipm which gives a gas velocity of the jet of approximately 14 m/s. This corresponds to a
travel time from the exit nozzle of the APPJ to the sample of 0.57 to 1.14 us, depending
on distance, which is several orders of magnitude shorter travel time than the SMD.
While one could consider that there may be a contribution from the convection of the gas
flow from the APPJ source since this gas flow is directional to some degree, based on gas
flow kinetics for a laminar flow, this Ar flow stagnates approximately 1-2 mm above the
top of the sample. This result was found as part of a finite element model of the APPJ gas
flow which are described in previous work.” This would suggest that the Ar gas flow

should cease to contribute to the directionality of species once it reaches this point.

Charged or other high energy reactive species seem to be the more likely
candidate for contributing to the enhanced etching of the APPJ source at close treatment
distances. These charged species seem to be present most significantly at closer distances
and then the flux to the surface falls off significantly with distance due to the increasing
activation energy and decreasing directionality of etching. Charged species have been
measured for this exact plasma source beyond the visible plasma plume.& By using
molecular beam mass spectrometry it was possible to measure positive ions out to 10 mm
from the nozzle of the jet which falls within the treatment range of our samples in this
work making them a possible candidate for the cause of the directional etching. Another
work suggests the charged species may be able to permeate significant distances from
various APPJ sources. Sobota, A., et al. measured the electric field from a He APPJ and
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showed that it increased to a maximum point approximately 8 mm from the exit of the
tube though this varied with gas flow and other parameters.'°® Additionally it should be
considered that if charged species are responsible for the enhanced etching at room
temperature then the sample may become charged over the duration of the APPJ
treatment. Because the polymer film is an insulator, the charged species arriving at the
surface may contribute to charging which may then influence the electric field in the
vicinity of the treatment area.'® lonization waves produced by APPJ sources have been
measured at upwards of 10 km/s travel velocity, significantly higher than the surrounding
gas flow and suggesting that the plasma is greatly accelerated due to the electric field
generated within the plasma source. For this specific APPJ source used in our work these
ionization waves have been measured at 30 km/s.% Overall the most critical takeaway
from the APPJ research is that there must be a directional energy flow to the polymer
surface. This may be due to kinetic/potential energy deposition at the surface, e.g. by

accelerated ions or electrons or due to high energy photons.
4.4.2 SMD Behavior

The etching behavior of the SMD is much more consistent with a neutral reactive
species causing both surface modification and subsequent etching which only occurs at
higher temperatures. The plasma source design is more consistent with keeping the
plasma contained to a small area while still creating reactive species. The SMD has been
characterized for several reactive species measured at the surface of the active electrode
for the plasma source such as 500 ppm Os, less than 1 ppm NO, ~3 ppm NO2, and 25
nW/cm? UV photons (all within the UVA spectrum).?® This paper also mentions the
presence of O and OH in small values that are not measured. Sakiyama, Y. et al. 2012
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also uses a surface microdischarge to investigate the species produced by it through
modeling and measurement using FTIR for humid environments.® They find the
evidence of Os, HNO3z, N2O, and N2Os from FTIR measurements and hypothesis the

presence of Hz, H20>, and NOs in addition to the measured species using modeling.

Our experimental results show when at room temperature there is only a
thickness increase of the polymer films that is of a smaller magnitude than the eventual
etching seen at higher temperatures. The ambient gas chemistry changes the amount of
observed surface chemical changes and these changes correlate very well with the
thickness increase of the polymer films seen at room temperature for SMD treatments.
The fact that there is such significant surface chemical modification along with a
thickness increase for room temperature treatment suggests that species are being
adsorbed on the polymer surface from the plasma treatment, and chemically react. These
species likely have enough energy to adsorb and cause chemical changes but not
complete the last step in the etching process which is desorption of the product which is
needed for thickness loss. The fact that at room temperature the species produced by the
MHz APPJ and incident on the polymer surface have more energy than the species
produced by the SMD, as evidenced by high-speed etching and the much lower activation

energy that characterizes polymer etching for the APPJ.

The absolute activation energy seen for the SMD is significantly higher than the
experimentally found 0.5 eV for low pressure atomic oxygen systems. This along with
the large amount of nitrogen species found to be involved in the surface modification
from previous work and also seen here seems to suggest that the primary species
produced by the SMD is either NOx or some combination of NOx and reactive oxygen
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species. This is further supported because the largest amount of absolute etching is when
the SMD is operated using 15% N2 in Oz which corresponds to the greatest amount of
NOs species seen bonded to polymer surfaces post treatment using x-ray photoelectron

spectroscopy in previous work.’

The surface chemistry of the polymer post SMD treatment shows very high
amounts of surface oxidation when the treatment is done at low temperatures. When the
treatment is performed at higher temperature and etching occurs, the amount of residual
oxidation is less and closer to the pristine samples state. This suggests that at room
temperature the species produced by the SMD plasma treatment have enough energy to
oxidize/nitridize the surface but the degree of modification is insufficient for etching of
the polymer. The final step in the etching process, removal of the oxidation product in the
form of volatile species does not occur significantly. Instead, what likely occurs is that a
once a reactive site is created, the site is oxidized in such a manner that terminates the
etching process instead of propagating the reactive site. The original species that created
the reactive site likely do not have enough energy to remove this oxidation to allow for
etching to occur. The etching steps of adsorption, product formation, and product
desorption are theorized and described in detail in the work by Coburn, J. W. and H. F.
Winters.1% The SMD process likely involves the adsorption of etching species which
modify the surface which takes up both oxygen and nitrogen species. However the
formation of volatile produce is hindered by a lack of energy from these oxidizing species
and this allows the NOx species in the polymer to build up. Etching of polymers is
inhibited unless enough energy to activate the etching process is provided in the form of

thermal energy.
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The SMD source relies entirely on diffusion to transport species produced at the
plasma source to the surface, a distance that is fixed generally at 3 mm for most
experiments in this work. Based on the average diffusivity coefficients of neutral reactive
species which ranges from ~0.1 to 0.2 cm?*s™ in air'%, the average travel time of the
species would be between 0.2 and 0.4 seconds. This travel time is several orders of
magnitude longer for the SMD than for the APPJ source. The plasma also is very close to
room temperature which means that there is no thermally activated diffusion or
convection either. Indeed, the overall surface effect seen for the SMD source drops off

very rapidly with increasing distance which is consistent with the diffusion theory.

The response of the SMD to increased temperature which is much greater than the
relative effect of changing the local gas chemistry suggests a thermally activated process.
One possibility for this temperature response is the activation of chemical reactions
which allow for the production of more low molecular weight and volatile species due to
the same flux of reactive species to the polymer surface. It is possible that increased
evaporation of some low molecular weight species created at the surface at elevated
temperature is responsible for this, whereas evaporation rates at room temperature would
be very slow and therefore limit loss of polymer material near room temperature. Another
important note is that at higher temperatures any ozone flux to the surface may
decompose into atomic oxygen which would have an increased oxidation reaction with
the polymer surface. Further investigation into the exact nature of this interaction will be

carried out in future studies.

The SMD source also creates NOx species in the gas phase which may contribute
to the difference in operating mechanism. These species have been measuring using FTIR
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for a similar SMD type source where the authors found that the primary species seen are
03, N20s, N20, and HNO; for a humid air environment.®® In particular, the HNO3 species
are believed to be a key reaction species with water from that work. For SMD treated
polymers a pronounced NOs3 peak is seen for polymers following O2/N2 SMD treatment.
This is in contrast to the species we see produced by the MHz APPJ source. Here the
primary species is almost always atomic oxygen depending on the treatment conditions,
followed by singlet oxygen, ozone, and then NO at a much lower magnitude.'%® The
critical species is believed to be atomic oxygen for this jet because of its high density and
behavior change with distance which correlates well with various effects of the plasma

treatment.

Nitrogen and oxygen gas mixtures have been studied in some detail at low
pressure for the plasma processing of various surfaces. Yun Y. B. et al (2007) studied
enhancement of SiO; etching by adding NO to a fluorine containing plasma. This
enhancement is caused by the removal of oxygen from the SiO> to form NO. or HNO3
species which made the formation of the etching species SiF easier.1%® However, in the
case of polymers more oxygen is generally required for etching to occur by transforming
the carbon into a volatile species so it is possible that this NOs acts as a source of oxygen
once the temperature is increased. Kastenmeier, B. E. E., et al. (2001) looked at the
etching of SisN4 using a NO and F containing plasma. They found that while the NO
enhanced the etching reaction, the primary etching product was N2 which leaves a oxygen
molecule on the surface bonded to the remaining Si. It seems more likely that a reaction
pathway similar to this occurs for our system where oxygen may be added to the surface

from NxOy species in the gas phase which leads to the surface oxidation we see from the
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XPS results. Fujimura, S., et al. (1990) studied the activation energy of photoresist ashing
and showed that adding nitrogen to the gas chemistry did not change the activation

energy from 0 to 25% N in O, gas.'1°

4.5. Conclusions

The APPJ source has a high etch rate at room temperature with low surface
oxidation whereas the SMD source does not etch at room temperature but highly oxidizes
the polymer surface. The apparent activation energy and directionality of etching species
for a polymer film by two plasma sources has been investigated in order to clarify the
origin of the different etching mechanisms. The APPJ source shows an apparent
activation energy that increases from ~0.18 eV up to ~0.34 eV with increasing nozzle-
sample distance from 8 mm to 16 mm which suggests a change in the etching mechanism
over this distance and is lower than comparable values for low pressure plasma etching.
The APPJ also shows directional etching at closer treatment distances moving toward
more isotropic etching at further treatment distances. The APPJ apparent activation
energy and directionality suggests a potential contribution by a more energetic etching
species the relative importance of which is reduced as treatment distance is increased.
This is likely due to a charged or metastable species which flux falls off a higher rate than
other chemical neutral oxygen etching species. The SMD shows a very high apparent
activation energy compared to literature values for plasma oxygen etching. Additionally
the SMD shows no change in apparent activation energy over different gas chemistries

despite a change in absolute etch depth which suggests that the etching mechanism is not
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changing. The SMD shows only isotropic etching behavior over all treatment distances.
Therefore the SMD treatment is consistent with only neutral reactive etching species. The
surface chemical oxidation of the polymer surface post plasma treatment is significantly
higher for low temperature treatments than for high temperature treatments. This
behavior is also the case for the APPJ treatment as well. The etching behavior shows a
competition with surface oxidation which is explained by the etching process occurring
through created reactive sites which either are propagated to remove material through

volatile products or terminated with oxidative species and hinder the etching process.
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Abstract

Catalyst enhancement by atmospheric pressure plasma is a recently emerging field
of research that embodies a complex system of reactive species and how they interact with
surfaces. In this work we use a well characterized atmospheric pressure plasma system
integrated with a commonly used nickel catalyst material to decompose methane gas by
partial oxidation reaction. We use Fourier-transform spectroscopy (FTIR) analysis of the
gas phase post reaction to measure the loss of methane and the production of CO, CO, and
H20. We find reduction of methane by both plasma alone, catalyst alone, and an increase
with both plasma and catalyst. The production of CO appears to be due primarily to the
plasma source as it only appears above 2.5 W plasma dissipated power and decreases as
catalyst temperature increases. CO2 production is enhanced by having the catalyst at high
temperature and H>O production depends on both plasma power and temperature. The
catalyst surface is monitored in situ using diffuse reflectance Fourier-transform
spectroscopy (DRIFTSs). Using this technique we differentiate changes which occur on the

surface due to heating alone of the catalyst and those which are due to plasma exposure
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during catalysis. We see formation of NiO due to heating of the catalyst and is enhanced
slightly by having very high power plasma treatment of the catalyst. We also find that both
heating and plasma treatment remove absorbed water on the surface of the catalyst. Plasma
treatment alone however leads to the formation of carboxylate groups and CO bonded to
the catalyst surface. These species both have a regime of plasma treatment where they are
formed on the surface and then a higher energy regime where they are significantly
removed from the catalyst surface. This research highlights the potential for plasma
regeneration of catalyst materials already used for methane decomposition as well as

showing enhancement of the catalytic behavior under plasma treatment.

5.1 Introduction

In this work we seek to obtain an understanding plasma-surface interactions related
to the emerging CAP application of enhanced catalytic reactivity by plasma exposure.?®!
Atmospheric pressure plasma synergistic enhancement of catalysts is a recently emerging
field of research with potential for reducing catalyst energy demands, allowing new
materials to be used as catalysts, and even regeneration of catalysts currently used catalyst
materials to extend their lifetimes. The study of atmospheric pressure plasma sources
interacting with polymer surfaces has been shown to be critical to the understanding of
applications and leading guided improvement of these applications based on this increased
understanding. This emerging technology has so far been applied to several applications
toward environmental solutions such as the destruction of chlorofluorocarbons,!!! removal
of volatile organic compounds such as toluene and NOx which are air pollutants.?>?! The

application we investigate in this work is the decomposition or oxidation of methane into
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hydrogen gas and COx species. This process is being investigated for the goal of capturing

112

the hydrogen for efficient syngas production=*< and also for the goal of removal of methane

from the environment prior to release into the atmosphere where it acts as a very strong

greenhouse gas.'*3

In the field of atmospheric pressure plasma interactions with catalyst materials,
catalyst plasma synergistic effects are of great interest. One specific effect seen from
plasma treatment of catalyst is the shift of the curve of targeted decomposition of material
vs temperature to a lower temperature range.!t14115 Whitehead et al. (2010) takes this
study one step further to show that the amount of temperature difference between the
plasma and non-plasma treatment converted to the same amount of electrical energy would
take far more energy than the plasma treatment requires.*'! For the 50% decomposition
point they calculate that for the heating saved requiring 60 Watts of energy, the plasma
source only consumes 1 Watt of energy. They also confirm from separate plasma and
thermal catalysis treatments they only achieve ~20% decomposition whereas when the
plasma is brought in contact with the catalyst the decomposition increases to ~65%.
Another effect of the plasma catalysis is the changing of the selectivity of the reaction
products. Pietruszka et al. (2004) demonstrated that increasing the input power of the
plasma treatment during catalysis lead to an increase in the CO2 vs CO selectivity for a
methane decomposition reaction.’'® They attribute this to moving closer to the
thermodynamic equilibrium for CO2 production using plasma input energy which normally

requires a much higher temperature than used for the plasma treatment.

While some effects of the plasma on catalysis are clear, there is a much more limited

amount of research focused on the actual surface reactions that occur in order to cause these

96



synergistic effects. The possible synergistic effects at the surface of the catalysts are

118 and

outlined by a review paper by Neyts et al. (2015).1'" The surface morphology
dispersion of the catalyst material*® on the support structure has been shown to change
post plasma treatment which could help with the catalyst reaction by leading to more
reactive sites. The plasma can also change the chemical state of the catalyst material such
as the reduction of NiO to the more reactive Ni which has been shown to possibly
occurt?%12 or simply changing the oxidative state of the metal. Additional surface
processes can also be modified by plasma exposure such as the reduction of catalyst
poisoning by deposition of unwanted surface species. Wang et al. (2013) has shown an
increase in NHz conversion efficiency using a Fe catalyst from ~7 % for both plasma and
catalysis alone to a 99% conversion efficiency due to the plasma prevention of surface
bound nitrogen which destroyed catalyst reactive sites.'?? There are also potential catalyst
effects on the plasma that may occur for some systems which can help synergistic effects
though these effects are less likely to occur for our experimental system. We believe that
our investigation into specific surface effects by observing the plasma directly interacting

with the surface will further the understanding of what synergistic effects are occurring for

our plasma catalysis system.

There are several approaches to conversion of methane over catalyst materials. The
most commonly used one for hydrogen production currently is reacting methane with
steam to produce CO, CO> and Hz which is an endothermic process requiring 206 kJ/mol
of energy and is shown in equation 3. Another reaction is the typical combustion reaction
which methane reacts with 2 O, species to produce CO> and H2O, however this reaction is

highly exothermically releasing ~800 kJ/mol of energy and is shown in equation 2.
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Methane can also be reacted with CO; to produce CO and H> but this approach requires a
large energy input of 247.4 kJ/mol which is larger than steam reformation and is shown in
equation 4. The approach that is most desirable for our work which can be done at lower
temperatures is the partial oxidation of methane is which is mildly exothermic releasing

35.6 kJ/mol and is described in equation 1.2

CH, + 0.50, = CO + 2H, 1)
CH, + 20, = CO, + 2H,0 )
CH, + H,0 = 2C0 + 3H, ©)
CH, + CO, = 2CO + 2H, ()
CO + H,0 = CO, + H, (5)

It should be noted as well that any CO produced can undergo several reactions as well with
oxygen and water vapor to form CO.. The first is simply a reaction with oxygen which
only produced CO- and the other reaction is shown in equation 5 which produces both CO-
and Ha. This means that CO is one of the more difficult species to produce generally as it
can react to form the other products of the partial oxidation reaction as well. However, the
above reactions generally do not take into account a plasma environment which is highly
non-equilibrium and may provide energy to produce reactions not typically seen for
methane conversion. Some of these species include atomic oxygen which is reactive
enough to break the bonds between many other molecular species, CHy species where the

x is less than 4 which normally occur at a surface but can happen in the gas phase with a

98



plasma environment, and metastable species such as excited CO. which can absorb

significant energy in vibrational states.

The goal of this work is to establish the methodology that allows for careful study
of catalyst materials as they are exposed to plasma based reactive species and undergoing
catalyst reactions. Using DRIFTs we can monitor any changes to the surface that are
sensitive to IR absorption and observe these changes as they occur in real time. This setup
is then connected to a gas cell which uses IR absorption to monitor several critical species
involved in the reactants and the products of the methane partial oxidation reaction. While
CO is expected to as a product from this reaction it is also possible to form CO; and H20
depending on the available oxygen, catalyst surface states, and energetic particles produced
from the plasma source. We are able to monitor how these species are produced relative to
one another based on plasma and catalyst conditions and also monitor the reduction in
methane amount which reveals the effectiveness of the methane conversion by this system.
Enhancement of the catalyst reaction by plasma will be investigated through methane
reduction and looking at the difference between how the plasma behaves alone compared
to the plasma interacting with the catalyst material. The gas phase results are then compared
to what changes occur on the catalyst surface which may help suggest possible
enhancements mechanisms. For instance, carbon deposition on a catalyst surface which is
strongly bonded and is not removed quickly by the catalytic reaction can lead to a loss of
reactive sites on the catalyst material called catalyst poisoning. This can be monitored by
the DRIFTSs to see under what conditions this may occurs for the catalyst material and if it
is possible for the plasma to remove any of these species to regenerate the catalyst.

Additionally it is critical to understanding the behavior of these changes to the catalyst
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surface in detail to be able to suggest further catalyst materials which may work well

plasma enhancement in the future.

5.2 Experimental Procedures
5.2.1 Plasma source

The plasma source used in this work is a MHz driven design created by Bruggeman
et al. and has been extensively characterized for plasma species produced, heating, and gas
flow parameters.3832% The design uses a 1 mm diameter tungsten pin electrode mounted
inside a quartz tube (1.5 mm inner diameter (ID) and 3 mm outer diameter (OD)) with a
grounded copper ring electrode (5.3 mm length, 3 mm ID). The original design is based on
the atmospheric pressure plasma jet proposed by Park and Selwyn.®” The standard
operating conditions of the MHz jet are a 14.4 MHz modulated driven frequency with a
20% on/off duty cycle (20% on time, 80% off time). Details of how the power was
calculated for this source can be found in previous work.*® The gas flow in this work has
been reduced from the original standard flow of 1.5 Ipm to 0.4 Ipm Ar flow through the jet
in order to increase the residence time of the reactant gasses in the proximity of the catalyst
material. The plasma source cannot be lowered below this gas flow point because this will
lead to greatly increased heating of the plasma source and ignition of the jet becomes
difficult below approximately 0.4 Ipm. Additionally, lowering the gas flow to lower values
will lead to a larger discrepancy between previous work where this plasma source has been

characterized.

5.2.2 Materials
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The catalyst material used in this work is a nickel based catalyst supported on a
combination of Al,Oz and SiO; and is in the form of a fine powder. The weight percentage
of nickel is 65% and has a surface area of ~175 m?/g. This catalyst was purchased from
Sigma Aldrich. The methane used for this work has a purity of 99.99%. The catalyst is in
the form of a powder with a particle size ranging from 100-500 um. The catalyst
specifically used was sifted through metal meshes of 150 um and 250 um to narrow the
size distribution of the powder used. The exact morphology of each powder molecule is
assumed to be spherical and unchanged by the plasma treatments but was not studied
directly in this work. Due to the experimental setup involving a slanted gas flow from the
plasma jet and the powder being very fine, the powder was pressed into a ball shaped pellets
around a ceramic center approximately 6 mm in diameter which is the diameter of the inner
reaction chamber of the DRIFTs reaction chamber. Tests were done to show the catalyst
material is stable under the gas flow conditions of the plasma jet and that no catalyst
materials were removed from the pellet. This material configuration was used for both gas
phase and DRIFTSs results for consistency.

5.2.3 Characterization and Experimental Setup

The characterization setup is based on the FTIR system called the IRTracer-100
made by Shimadzu with a mercury cadmium telluride (MCT) style liquid nitrogen cooled
detector installed for all measurements taken with the system to increase signal to noise
ratio. For the gas phase measurements taken with this system a custom built gas cell was
used as shown in Figure 5.1 which is made from quartz and uses ZnSe windows for the IR
beam. All gas phase measurements are done at 0.5 cm™ resolution and with 3 scanned

averaged together to allow for good time resolution investigating changes. The optimized
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signal for the gas cell was approximately 150 E on the monitor setting of the Shimadzu
FTIR software.

The surface characterization setup is a DRIFTs unit named the Praying Mantis
made by Harrick Scientific which integrated with the IRTracer unit. In addition to the
praying mantis DRIFTs unit, a high temperature reaction chamber (HVC-DRM-5) was
used for temperature and environment control around the catalyst sample. The reaction
chamber uses two KBr windows for IR light and has a 3" viewport which was converted
into ceramic piece integrating the plasma source into the reaction chamber dome as
pictured in Figure 5.1. All measurements done with the DRIFTs cell use 4 cm resolution
and 20 scans averaged for each measurement. The optimized DRIFTs signal was
approximately 10 E based on the monitor setting of the Shimadzu FTIR software.

The experimental setup for the plasma catalyst interaction was kept consistent
between the gas phase and the DRIFTs experiments to ensure consistency. The distance of
the viewport window where the APPJ is located to the middle of the DRIFT heated reactor
is approximately 8 mm and at an angle of 40°. The distance of the plasma jet is changed
by changing the ceramic feedthrough piece so that the distance from the tip of the nozzle
to the catalyst is the only parameter changing with changing distance. The distance from
the end of the plasma nozzle to the grounded electrode and the high voltage pin are kept
the same for all experimental conditions as shown in Figure 5.1. The gas through the
plasma jet is 0.4 Ipm Ar with a 0.5% admixture of O> gas and there is another gas flow
from the bottom of the high temperature reaction chamber which is 0.2 Ipm Ar with 1% of
total gas mixture CH4. The gas is then mixed in the reaction chamber above the catalyst

prior to entering the heated catalyst area. The entire high temperature reactor is water
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cooled to keep the metal, windows, and plasma jet cooled so that no melting occurs during
experiments.

The experimental procedure for all experiments involved a conditioning step of the
plasma source prior to use with the catalyst to remove any contaminants which may have
been deposited in the source. The gas lines used in the experiments are also pumped using
vacuum systems at 1 x 107 torr pressure for removal of any atmospheric air prior to opening
of the gas bottles to ensure purity. The catalyst pellet is then added to the reaction chamber
and then the reaction chamber is flushed with the Ar and O2 gas flows for 20 minute prior
to experiment start to remove any residual air from the reaction chamber. The total volume
of the reaction chamber is approximately 8.0 cm?® and the total volume of the reaction
chamber where the catalyst is present is 0.45 cm?®. Since all the gas must flow through the
catalyst reaction area the gas residence time in this area is approximately 50 ms. There is
some distance of gas line between the DRIFTs cell and the gas phase cell for measurement
in the FTIR system to ensure that the gas has cooled to close to room temperature prior to
entering the gas cell to reduce any heating effects on the measured spectrum. In particular,

CO- and other FTIR spectrum are subject to broadening and other effects due to heating.
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Figure 5.1: Overview of experimental setups of DRIFTs surface measurements where the
plasma treatment of the catalyst occurs and gas phase measurements which are conducted

post downstream from the DRIFTSs setup.
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5.3 Experimental Results and Discussion
5.3.1 Gas Phase Results

The first set of experimental results that were collected focus on looking at the gas
phase information to determine the effectiveness of the methane reduction by plasma
catalysis and investigate what species are produced by this catalytic reaction. Specifically
we look at the amount of methane which is reduced by exposing it to the catalyst
material, the plasma, or both combined together to see if a synergistic effect occurs by
plasma catalyst treatment. The products of this reaction are then examined as well to
determine the selectivity of certain species over others, specifically at CO, CO, and H.0O

which are able to be carefully examined using FTIR.
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B
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Figure 5.2: Full spectrum gas phase FTIR for 20 °C no plasma, 500 °C no plasma, and 2
mm plasma 3 W case at 500 °C taken with 0.5 cm™ wavenumber resolution showing the
primary complete spectrum which highlights the two CH4 peaks and the CO2 spectrum,

the CO spectrum (x10), and the O-H spectrum (x20).
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Figure 5.2 shows the FTIR gas phase results from the 15 cm length gas
measurement cell connected to the output from the DRIFTSs high temperature reactor
setup with the integrated plasma source for the 8 mm plasma treatment distance case.
This data shown is for 3 W at 500 °C catalyst temperature compared with no plasma at
room temperature. This overview shows the specific regions we will use to calculate the
density of each of the product species from the catalysis reaction. In order to quantify
these peaks Beer’s law of absorbance was applied to the spectrum to convert FTIR
absorbance into species density for each of these 4 species observed in Figure 5.2. The

conversion from absorbance to density based is given by the equation 1.

Abs

n= 0.4343 x o =l (1)

In this equation n is the density of the species being calculated, Abs is the absorbance
measured by the FTIR, | is the path length of the gas cell which for this system is 15 cm,
and o is the cross section of each individual peak. In order to this the cross section was
taken from the HITRAN FTIR data base.*?®* Additionally the correction factor is also

taken from the published work on the interpretation of this data base.
5.3.1.1CHg4

The first species which is critical for the discussion the catalyst reaction is
methane. The dominant peaks shown here are from the methane gas which is added at
~1% concentration to the Ar/O gas flow through the cell and shown in the spectrum as
two different peak spectrums; one from 3160 to 2900 cm™* which has numerous smaller
peaks to either side of a large central peak and corresponds to the stretching of the C-H

bonds in the methane and one from 1370 to 1240 cm™ which has a similar structure
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though is smaller in absorbance and corresponds to the bending of the C-H bonds in the

methane.'®* A highlight of the higher wavenumber spectrum is shown in Figure 5.3

which is used for the calculation of the CH4 d

methane spectrum absorbance is reduced, we

ensity. It is immediately clear that while the

are not converting all of the methane

present by this method and therefore careful quantitative analysis is needed to measure

the change in the amount of methane. We can

visibly see the production of several new

peaks which correspond to species which are produced by the partial oxidation reaction

of methane.
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Figure 5.3: Methane spectrum for 3 W case,

20, 250, and 500 °C showing the individual

peaks and demonstrating how methane density is calculated.

For the calculation of the methane den

peaks shown in Figure 5.3 were used to calcul

sity 11 different individual peaks from the
ate density individually using cross
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sections for those specific peaks and then these densities were then averaged. For the
methane spectrum densities we were able to then calibrate this calculation using mass
flow controllers to precisely flow set amounts of methane into the FTIR gas cell and
measure the absorbance given for each concentration of methane. This absorbance was
then converted to density and the relationship between the real density and the measured
density was found to be linear with an offset factor of ~2. This correction factor was then
applied to all data collected with the methane spectrum to give a more accurate measure

of the amount of methane present.
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Figure 5.4: Percentage reduction compared to initial methane density for 500, 250, 20 °C

temperatures at 8 mm distances with catalyst and plasma only conditions.
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The amount of methane reduced from the starting methane level in percentage is
shown in figure 5.4 for 8 mm distances, catalyst vs no catalyst, 20-500 °C, and a range of
plasma powers. In general we see more methane reduction with increasing plasma power.
This reduction amount is reduced when there is no catalyst present so the only conversion
is occurring by plasma interacting with the gas. Additionally the amount of methane

converted increases with temperature, particularly for the case where the catalyst is

present.
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Figure 5.5: Difference between catalyst and no catalyst for percentage reduction

compared to initial methane density for 500, 250, 20 °C temperatures at 8 mm distances.

The difference between the methane reduced for the plasma only case and the
plasma with catalyst case is critical for understanding if there is a synergistic reaction
occurring for the plasma catalyst system and is shown in Figure 5.5. We can see that the
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difference between these systems increases significantly with increasing temperature.
This is due to the catalyst becoming more active with temperature and playing a more
important role. However, at all temperatures we see an increase in the difference between
the catalyst and no catalyst cases with increasing plasma power which indicates that the
plasma power is playing an important role here. It is important to note that we get a
notable difference with increasing plasma power at room temperature as well which
indicates that we starting to activate the catalyst material at this condition even though no

thermal catalysis occurs here.
53.1.2CO

The first of the species is CO which is shown as a spectrum of peaks from 2220 to
2060 cm™ in the form of two separate humps.*?® The presence of this peak only occurs

due to plasma treatment at sufficiently high power treatments.
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Figure 5.6: CO spectrum for 3 W case, 20, 250, and 500 °C showing the individual

peaks and demonstrating how CO density is calculated.

The calculation for the density of the CO was done by using the cross section for
20 individual peaks, 10 from the center of each of the two hump shapes which correspond
to the strongest signals from the CO in the gas phase. Each of these individual peaks is

highlighted in the spectrum shown in Figure 5.6. The density was then calculated form

the average of these peaks.
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Figure 5.6: Carbon monoxide density for 500, 250, 20 °C temperatures at 8 mm

distances with catalyst and plasma only conditions.
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The results of this density calculation are shown in Figure 5.7 for the same
conditions and Figure 5.4. From this data we can see that the density of CO decreases
with increasing temperature. In addition, at the highest temperature the difference
between the catalyst and no catalyst cases almost completely disappears suggesting that
for this case most of the CO produced is coming from the plasma conversion of methane.
It is also important to note that there is essentially zero CO production below 2.5 W
plasma power for any conditions suggesting that a certain level of plasma energy is

required for this reaction pathway to occur.
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Figure 5.8: Difference between catalyst and no catalyst for CO density for 500, 250, 20

°C temperatures at 8 mm distances.

For the difference plot between the catalyst and no catalyst cases we can see that
this shows the opposite trend from the methane, as shown in Figure 5.8. As temperature
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increases there is significantly less difference between these cases down to almost no
difference at 500 °C. This suggests that the plasma is stimulating the catalyst to produce
CO species at a lower temperature but at higher temperatures all the CO species seen are
from the plasma conversion only. It is possible as well that the CO species which are
produced at lower temperatures undergo further reactions at higher temperatures
converting the CO to CO> by reaction with oxygen or water vapor. The water shift
reaction, shown in equation 5, requires 2.85 kJ/mol energy which is easily supplied by
the process at higher temperatures. This would lead to a decrease in CO and H20 at

higher temperatures while seeing an increase in COx.
5.3.1.3CO2

Another peak that clearly forms from this catalysis reaction is CO2 which is
differentiated from atmospheric CO> by having a nitrogen purge around the gas cell to try
and reduce the influence of the atmospheric CO. from our measurement as much as
possible. The CO; is shown as a spectrum of peaks from 2380 to 2300 cm™ and is also
shown generally as two distinct humps within this spectrum similar to the CO
spectrum.*?® We see from this data that generally the CO2 spectrum increases as

temperature increases.
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Figure 5.9: CO; spectrum for 3 W case, 20, 250, and 500 °C showing the individual

peaks and demonstrating how CO> density is calculated.

The carbon dioxide calculation was done using 40 peaks from the CO> spectrum,
20 from each of the two distinct humps and similar to how CO was calculated. The peaks
that were used for this calculation are shown in detail in Figure 5.9. For this calculation
it was assumed that we were able to remove most of the CO> from the ambient air around
the measurement cell through an N2 purge though there may be some slight residual CO>
signal. The signal was checked by monitoring the CO> peak area while flowing the N>
gas until the CO2 was no longer reduced and then the background was taken for these

measurements.
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Figure 5.10: Carbon dioxide density for 500, 250, 20 °C temperatures at 8 mm distances

with catalyst and plasma only conditions.
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The density calculation results for CO2 are shown in Figure 5.10 and cover the
same treatment conditions as Figure 5.4. For CO, we see primarily the opposite trend of
the CO behavior, which is that the amount of CO. drastically increases with catalyst
temperature and that plasma power plays very little role in the CO production. The only
conditions we get any measureable CO> produced with the plasma only case is at 500 °C
with a plasma power of above 4 W and even here it is fairly small when compared with

the catalyst case.
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Figure 5.11: Difference between catalyst and no catalyst for CO> density for 500, 250,

20 °C temperatures at 8 mm distances.

The difference plot, shown in Figure 5.11, between the catalyst and no catalyst
cases shows a slight increase with plasma power overall but generally seems dependent
more on the temperature of the catalyst. With increasing catalyst temperature we see an

increased CO> production when the plasma is used in conjunction with the catalyst. It
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seems that the catalyst does not produce CO: at low temperature but once it is active at
high temperature it is able to efficiently use plasma produced species to convert methane

into CO..

5.3.1.4 H20

The final peaks that we clearly see in the gas phase are from H2O in the gas phase.
Again, due to the presence of atmospheric H-O, a nitrogen purge was used to try and
reduce any influence from the local environmental air as much as possible and was
checked by taking spectrum prior to experiment start to ensure H>O spectrum stability.
This spectrum is represented in two different regions and is shown as numerous small
individual peaks throughout these two regions without the characteristic continuous shape
of the other species. The first of these spectrums ranges from 1800 to 1400 cm™ with a
small gas at the center around the 1600 cm™ region and corresponds to the bending of the
O-H bonds. The second spectrum is in the region from 3950 to 3550 cm™ and

corresponds to the stretching of the O-H bonds.
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Figure 5.12: H>O spectrum for 3 W case, 20, 250, and 500 °C showing the individual

peaks and demonstrating how H2O density is calculated.

The H20 density calculation was the most difficult to perform in an accurate
manner due to the non-structured nature of the H>O peaks in the FTIR range, unlike CO>
and CO. For this calculation in order to be sure the correct peaks were selected only the
most distinct 11 peaks were selected for density calculation. And even for these 11 peaks
the combination of intensity and cross section is fairly small compared to the other
species measured. As seen in Figure 5.12 all the peaks aside from the few with the
highest intensity are subject to a significant amount of noise and therefore difficult to use
in a consistent density calculation. In conjunction with the fact that there is was vapor
present in the atmosphere and on the wall of the measurement setup it was difficult to get

an accurate measurement of H>O and therefore the error associated with these density
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measurements is fairly high. However, there are still some trends which stand out from

the data collected.
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Figure 5.13: Water density for 500, 250, 20 °C temperatures at 8 mm distances with

catalyst and plasma only conditions.
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The full density measurements are shown for H>O in Figure 5.13 for the same
experimental conditions as shown in Figure 5.4. In general the water density shows an
increase with both increasing temperature and increasing plasma power. At 20 °C there is
very little difference between the cases with and without catalyst present suggesting that
here most of the H20 production is from the plasma conversion. However, the amount of
H>0O produced without catalyst present stays fairly constant over the range of

temperatures so it is clear the catalyst starts to play an important role here with increasing

temperature.
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Figure 5.14: Difference between catalyst and no catalyst for H>O density for 500, 250,

20 °C temperatures at 8 mm distances.

The difference plot shown in Figure 5.14 between catalyst and no catalyst cases
looks initially to be very similar to the CO> species. However, we can clearly see that the

difference scales significantly more with increasing plasma power as well for this
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species, especially at higher temperature. It seems that the plasma alone is able to
produce H20 species but that the catalyst significantly increases this amount as it
becomes active at higher temperatures. Indeed, once the catalyst is active it seems that the

synergistic effect becomes quite clear for H2O production.
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Figure 5.15: Comparison of various densities for two plasma powers for plasma catalyst,
plasma no catalyst, catalyst alone, and the sum of catalyst only and plasma only for
comparison to the plasma catalyst experimental data over a range of temperatures for a)

CHa, b) CO, ¢) CO, and d) H20.
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A summary of all of these plasma conditions plotted vs catalyst temperature and
compared to experiments with heating the catalyst only are shown in Figure 5.15 where
CHjs, CO, CO», and H20 are shown in Figure 5.15 a), b), c), and d) respectively. For
methane reduction we can see from Figure 5.15 a) that the catalyst alone is the least
effective conversion at all temperatures, followed by the plasma alone, and then with
both catalyst and plasma combined giving the largest reduction. Indeed, the catalyst only
and the plasma only added together are shown to be less than the plasma catalyst case for
both plasma powers and at all temperatures. We see that the actual methane reduction is a
factor of 1.51 larger at 500 °C and 1.33 larger for 20 °C for the plasma catalyst system
compared to the sum of the catalyst and plasma only effects, suggesting some synergy
between the catalyst and the plasma. There also appears to be a clear difference in the

slope of the methane reduction with respect to temperature.

The CO density shown in Figure 5.15 b) shows again a reduction in CO density
with increasing temperature, opposite the trend of the CO, and H2O species. However,
the dominant CO production seems to occur based on higher plasma power. We see that
the plasma alone case for the 5 W case is higher than the plasma and catalyst case for 3
W power dissipation. For catalyst alone without plasma present there is clearly no CO
produced at any temperature at or below 500 °C. Therefore, without the plasma it seems
that all of the catalyst behavior in this temperature range facilitates the production of CO>
and H20 over CO. The sum of the catalyst only and plasma only cases is directly
overlapping with the plasma only case and clearly demonstrates the increased CO
production behavior of the plasma catalyst system above the sum of each parts alone. For

20 °C we see a 1.81 factor increase of the CO production with the plasma catalyst system
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over the sum of the plasma and catalyst effects along, though this falls off to a 1.07 at 500

°C which suggesting almost no synergistic production at higher temperatures.

Figure 5.15 c¢) shows in detail the CO> peak signal seen for all experimental cases.
Here we see the very sharply increasing behavior with increasing temperature for the CO>
peak. This occurs regardless of plasma conditions, though it is enhanced by having the
plasma active as well. The catalyst alone and the plasma alone cases here produce similar
amounts of CO> across the plasma power and distance conditions shown here. The sum
of the catalyst only and plasma only cases for CO2 production is only very slightly lower
than the experimental plasma catalyst case. The amount of synergy of CO> production
shows a 1.42 factor increase at 20 °C, a 1.13 increase at 250 °C, and a 1.30 factor

increase at 500 °C.

Figure 5.15 d) shows the H2O peak behavior which also scales with temperature
but still shows activity from the plasma treatment as well. This is clear from the nearly
zero water vapor produced by the catalyst alone at room temperature but the significant
increase in H2O signal with the addition of the plasma treatment at this temperature.
There is still a clear enhancement of H.O species produced as well for the plasma catalyst
experimental case over the sum of the catalyst alone and plasma alone cases. Generally, it
seems that these enhancements over the sums occur more significantly at lower
temperatures. The factor of this enhancement is approximately 1.5-1.7 over the
temperatures investigated here. This seems to be due to the face that at these temperatures
the catalyst would have no affect alone, but the plasma produced species may be helping

to activate the catalyst significantly here.
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Figure 5.16: Comparison of various densities for two plasma distances for catalyst and
no catalyst, and catalyst alone over a range of temperatures for a) CH4, b) CO, c) COy,

and d) H2O.

Figure 5.16 highlights the difference between the 2 mm 3 W plasma case and the
8 mm 5 W plasma cases. For these conditions, the distance between the catalyst and the

tip of the plasma plume is nearly identical, just barely above the top of the catalyst
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material. Under these conditions, we see in general that the methane conversion results
and products produced are very similar. The main difference is a very slight reduction in
the amount of methane conversion and products produced for the 2 mm 3 W case
compared with the 8 mm 5 W case. However, this is not completely consistent for the
H>0O spectrum, and overall these results are very similar for the same plasma plume to

catalyst distance regardless of plasma power.

5.3.2 Surface Measurement Results

The surface measurements were preformed using the same plasma setup and same
experimental conditions with the DRIFTSs cell integrated into the FTIR system so the IR
beam can be used to monitor the surface. Therefore, these measurements could not be
done simultaneously to the gas phase measurements. However, these measurements are
done in situ with a time resolution of approximately one minute and therefore we can
monitor changes to the surface as they occur. Figure 5.17 shows an example DRIFTs
spectrum taken in situ showing the surface prior to heating, after heating to 500 °C,
during plasma treatment at this temperature, and then after plasma treatment has stopped
and the reaction chamber has been flushed with nitrogen gas to remove all gas phase
species. This experiment is critical to characterize what changes are seen are due to IR
light absorbed on the surface as the light is scattered and absorption of the IR light as it
travels through the environment of the high temperature dome. The peaks that are in the
negative direction of absorbance indicate that there is a loss of the species that was
previously causing the IR light to be absorbed in that wavelength range. We can see from
this experiment that the CO» peak and the two narrow CHs peaks are from IR light
absorbed in the gas phase. However there are several other interesting permanent
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changes to the catalyst surface that occur and are stable after the plasma treatment has

stopped and the local gas removed from the catalyst.
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Figure 5.17: In situ DRIFTs at 8 mm distance with heating only to 500 °C, plasma
treatment of 3 watts at 500 °C taken with 4 cm™* wavenumber resolution with plasma on

and then at 500 °C without plasma after purging the reaction chamber with nitrogen gas.

The CH4 peaks seen here are from the gas phase and correspond to the same
peaks seen from the previous spectrum in Figure 5.2 just with a much smaller magnitude
due to the significantly smaller path length of the IR beam in the DRIFTs cell. The CO-
as well is similar to the spectrum seen in the gas phase. It should be noted that the CO;
seen here may be part of the reactions occurring since we know from the previous data
that CO> production is maximized at increased temperatures and we see it strongest for
the 500 °C plasma case. However, it is possible that this CO- is some residual

atmospheric CO; as well since the DRIFTs beam does travel to the normal IR MCT
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detector which cannot be 100% sealed from the ambient environment despite nitrogen
flow to fill the DRIFTSs unit surrounding the high temperature reaction cell. These are the
transient peaks which disappear from the measurement after the nitrogen purge of the

catalyst.

There are also several peaks which seem to be caused primarily by the increased
temperature of the catalyst surface. The most pronounced of these is loss in intensity of
the O-H peak regions at ~3400 cm™, 1650 cm™, and 1450 cm™. This loss is due to
adsorbed water on the catalyst surface from exposure to the atmosphere prior to the
experiment start being removed. These peaks appear very slightly from having dry gas
flow over the catalyst sample for long periods of time such as Ar. They also appear
significantly for both plasma treatment and heating of the catalyst sample. However,
heating pretreatments to ~100 °C for long periods of time to remove the water from the
surface could never fully remove water to plasma treatment. In other words, there is
water adsorbed on the surface of our catalyst samples that stays on the surface to very
high temperatures but is then removed but intensive plasma treatments. Indeed this has
been seen in previous work involving catalysis, one such paper investigating using
DRIFTSs to investigate a Ni/TiO- catalyst saw only a 26% reduction in OH groups by

heating to 423 K.1%

The other peak that appears to show up due to heating only and be stable on the
surface is a peak at ~995 cm™ which is marked as number 3 peak in Figure 5.17 and is
very broad in nature so it is difficult to get a fixture on the exact center of the peak. There
are several possible explanations for this peak. The most likely explanation is NiO
formation as the Ni is oxidized by the oxygen from the environment and from the catalyst
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support materials SiO2 and Al>Os. NiO studied in the form of nanoparticles has shown a
significant and fairly broad peak form around 1040 cm™ which could be this peak just
shifted due to the nature of the particles in question.'?® This same peak was seen in
previous work on Ni catalysis and described as a broad peak from 930-960 cm™ but was
left unassigned as the authors were unsure of the exact species responsible.*?®> More
evidence for the NiO is that the peak forms around 300 °C-400 °C which is
approximately the temperature at which Ni will oxidize with some oxygen present in the
ambient air.?” The other possibilities for this peak assignment seems to be a low end of
the alkoxy C-O bonding which is typically from 1050-1150 cm™* which is what would
appear from a partially oxidized methane molecule where one H is abstracted. Another
possibility is sp? C=C bonding such as an alkene molecule which shows absorption in the

range of 985-1000 cm™.1%8

Plasma treatment alone appears to cause the appearance of a CO peak which is
bound to the surface of the catalyst material. Specific details of the behavior of this peak
will be discussed in the remaining figures. The peak position is primarily at 2190 cm*
though there is some shift apparent depending on the conditions of the plasma treatment
and catalyst temperature. We can see that the CO shown here is stable due to it still being
present following the end of plasma treatment and then flushing the gas away with
nitrogen. Additionally, this peak is broader and has significantly more absorption than the

CHs and CO; peaks as compared to the gas phase data.

The final peaks that displays an interesting behavior is the peak at 1590 cm™
which is marked on figure 5.17 by the number 1. This peak is located in between the two
O-H peaks which show significant reduction from heating and plasma treatment.
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However, this peak is stable from heating alone, but then shows an increase at weaker
plasma treatments and a decrease at more significant plasma power treatments. While this
region is difficult to determine exactly what peak this is, it seems that one likely
possibility is a C-O-O based species. Based on the literature COO™ or carboxylate groups
can form in conjunction with metal ions and one of the strong peaks that is characteristic
of COO" in the IR range is at 1586 cm™.1%° Indeed, other work that investigates plasma
catalyst interactions through DRIFTs have seen this same peak appear based on their
work and assigned it to a carboxylate group, though they use a different catalyst material
and they look at a different gas species for decomposition.**>!31132 However, as there is

still some uncertainty here, this peak will be referred to by its wavenumber for the rest of

this work.
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Figure 5.18: a) CO spectrum for no plasma, 2 mm 3 W case, 20, 250, and 500 °C
showing the peak evolution b) extracted data from In situ DRIFTs of CO peak over 2 to 8

mm and 1.5 to 3.0 W plasma conditions.
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Figure 5.18 a) shows the raw spectrum of the CO peak for 2 mm 3 W plasma
conditions over various temperatures. The behavior of four of these critical peaks which
have been shown to be surface changes on the catalyst are described in more detail
starting in Figure 5.18 b) for various plasma conditions. The first of these and probably
the most interesting is the CO peak at 2190 cm™ and the behavior for this peak is shown
in Figure 5.18. For this peak we see that at the weaker plasma treatment conditions of 1.5
W we see no surface CO formed at all. This corresponds to the gas phase data as well
where we see no CO formed for any temperature or conditions if the plasma power is
below 2.5 W as well. For a plasma power of 3 W and 8 mm distance we see that a CO
peak appears on the surface once we reach a certain temperature of above 200 °C and
then the absorbance peak increases with increasing temperature. However, at the 3 W and
2 mm plasma case we see an immediate CO production on the surface at the lowest
temperature, the CO peak then initially increases with temperature before then
plummeting and being almost completely removed at the highest temperature measured
here of 500 °C. This result was confirmed several times by testing the removal of CO by
going to higher temperatures and plasma powers after it has been formed. However,
removal of the CO was not possible by increasing temperature alone even up to 700 °C;
only when there is a plasma condition treating the catalyst surface do we see removal of

CO at this high energy case.
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Figure 5.19: a) COO" spectrum for no plasma, 2 mm 3 W case, 20, 250, and 500 °C
showing the peak evolution b) extracted data from In situ DRIFTs of COO" peak over 2

to 8 mm and 1.5 to 3.0 W plasma conditions.

The other peak that behaves in a similar manner is the COO™ peak at 1590 cm™
and the raw spectrum of this peak for 2 mm 3 W plasma conditions over various
temperatures is shown in Figure 5.19 a). The extracted data over all distances and powers
is shown in Figure 5.19 b). This peak initially shows a slight increase with all plasma
treatments at lower temperatures and then above a certain temperature the peak
absorbance for this peak drops significantly, particularly for the stronger plasma
treatment. The shift from increasing to decreasing seems to occur at about 200-300 °C for
the 1.5 W plasma power cases and the 8 mm 3 W plasma case but the shift occurs a lower
temperature for the 2 mm 3 W plasma power case. This is likely due to the increased

plasma energy and reactive species reaching the surface for this case. Again it seems like
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the plasma initially causes this species to be formed on the surface before reaching a

sufficient energy to then remove it.
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Figure 5.20: a) OH spectrum for no plasma, 2 mm 3 W case, 20, 250, and 500 °C
showing the peak evolution b) extracted data from In situ DRIFTs of OH peak over 2 to 8

mm and 1.5 to 3.0 W plasma conditions.

The other two peaks of interest are the O-H peaks and the potential NiO peak. The
behavior of the O-H peak at 1450 cm™ raw spectrum for 2 mm 3 W plasma conditions is
shown in Figure 5.20 a) and behaves similarly to the other O-H peaks. The extracted
behavior of this peak over plasma distance and power is shown in Figure 5.20 b). In
general the higher the temperature the more this peak is decreased signaling more water
removed from the catalyst surface. Additionally increasing plasma power seems to

increase the loss of signal for the O-H peak as well.
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Figure 5.21: a) NiO spectrum for no plasma, 2 mm 3 W case, 20, 250, and 500 °C
showing the peak evolution b) extracted data from In situ DRIFTs of NiO peak over 2 to

8 mm and 1.5 to 3.0 W plasma conditions.

The behavior of the NiO peak at 995 cm™ raw spectrum for 2 mm 3 W case is
over various temperatures is shown in Figure 21 a). The behavior of this peak shows
almost the exact opposite behavior of the O-H peak and shows an increasing signal with
increasing temperature and is shown in Figure 5.21 b) over plasma powers and distances.
For most experimental conditions this peak seems only to scale with increasing
temperature more than plasma power which makes sense since we see this peak form
from only heating the catalyst without plasma. However, the 2 mm 3 W case does show a
significantly higher absorption from this peak. If this peak is indeed NiO than this makes
sense since the nickel will oxidize at a certain temperature but also highly reactive

oxygen species produced by the plasma jet such as atomic oxygen would also likely
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oxidize the nickel so for strong enough plasma treatment this would increase the amount

of oxidized nickel.

DRIFTs APPJ 0.10
a) 0.5% O,, 1.0% CH, CO peak b) 20 °C (100 °C{200 °C 300 °C| | COO’ peak
il o 2188 LR
9 o s [[ESEEE o0 -cIEEREN & e 400°C| 500 °C
€ 0057 30wnocH, 4 abatata & 0054 [
) 20°C [ioo°Cl200°C| & \A = ooonCoCAREy
5 / Q A
0.04 A 7]
a v Q \qn:ha
g AAA“ 2 0.00 IVVVVVYVIVVVVV VYV VY
$ 0.03- / 3 \
2 A o o
© 0.02- A/ B 2 DRIFTs APPJ n
w [ L 0.05] 0.5%0, 1.0%CH, -
OD: L . DD: i 8 mm 2 mm \l
0.01 A I 1.5W—O0——A— i.‘..
30W—m——A—
010 30 WnoCH, —A
5 10 15 20 25 30
d) treatment time (min)
200 °C 400 °C[ 500 °C 0.2% T—5RiFTs APP NiO peak | [ 500°C
0.5% 0,, 1.0% CH, | 995 e A
VWS 8 0204 15 Ws_f'é"lz_ZT s00°cl400°c| A&
A S 30W —m——A— / A
A © g ;
Cn £ 3.0Wno CH, —A AL
200 . @ 0.15- 20°C [100°C[200°C /‘A
© A A
010 . ;‘ln‘:‘uu = W S
@ ~~- 1Y OH peak Aal s AN AA O
o 1 1450 cm” Ry Q 0.101 A A
@ 012 cm \ am / AL [
| DRIFTs APPJ A "m| o AAA N oty
w0144 05%0, 1.0%CH, AL A Y .
1 8 mm 2 mm A | X gp5] A& AN guTnt
0 0.16 1'5W_°__ﬁ_ \A: a A e uu
1 3.0W—m——A— ! A
ooo
-0.18 1 3.0 W no CHA A 6100 o DDDD 0
0 5 10 15 20 25 30 0 5 10 15 20 25 30

treatment time (min)

treatment time (min)

Figure 5.22: In situ DRIFTSs peak absorbance of a) CO, b) unknown peak at 1590 cm?,

c) OH peak, and d) NiO peak spectrum over time for 1.5 and 3 W at 2 and 8 mm.
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Figure 5.22 shows the temporal behavior of each of these critical peak positions
as the temperature is increased from room temperature to 500 °C. In Figure 5.22 a) we
can see the formation behavior of the CO is fairly stable once it reaches 400 °C prior to
dropping off quickly as soon at the temperature is increased up to 500 °C. Additionally
we see that if treat the catalyst with plasma without any CHa present at 2 mm distance 3
W we do not see any CO production for any temperature. This affirms that the CO
bonded to the surface is coming from a reaction of the methane with the oxygen present.
Indeed we see a similar effect in Figure 5.22 b) for the unknown peak at 1590 cm-1. Here
we see very little impact of the plasma when there is no CH4 present except once
reaching 500 °C where we see a very small reduction in the peak. Similar to the CO peak,
this likely means that the production of this peak is tied to the carbon from the methane

being decomposed in some manner.

In contrast to the behavior of these peaks the OH peak and the NiO peak
behaviors, shown in Figure 5.22 c) and d) respectively, seems to behave similarly
regardless of the presence of the CH4 in the gas phase. This makes sense as the loss of
water is likely based entirely on the amount of energy reaching the surface and the
change of Ni into NiO relies primarily on temperature and reactive oxygen species
reaching the surface. Additionally we can see how across all plasma treatment conditions
the amount of NiO that forms takes a significant increase with time once the 500 °C state

is reached.

137



a) DRIFTs 2 mm Ni/Al,0,/SiO, plasma 3.0 W |
2191 em 2181 cm’ 2190 cm'2182 cm”
o A—n~fiTon o *
—/\‘-—/A\\GOO oC L]
_,_//\ 500 °C
o V3
e 400 °C
(]
Q0
o
2 300 °C
o
200 °C
100 °C K
— 20 °C 5
2220 2190 2160 2220 2190 2160
wavenumber (cm™) wavenumber (cm’™)
2194 0.07
b ] —@— position (temp inc.)
—O— position (temp dec.
ZAIRe . —A— abs (temp inc.) [ 0-06
g 1 \ ol —A—abs (temp dec.) 8
= 21904 A L0.05
c A @©
ie) \A A\ I £
g 2188- /‘ b F0.04 &
Q. A 3 ©
% 2186 \ 10.03 &
o) 0]
Q. r Q.
2 2184 4 . L0.02 @
o \o\ B
14 A| DRIFTs 2 mm R ['4
2182 @ ~A 0.01
O | Nioysio, | e @[T B
2180 plasma 3.0 W 0.00

0 100 200 300 400 500 600 700
catalyst temperature (°C)

Figure 5.23: a) In situ DRIFTs and b) extracted data of 2 mm 3 W plasma conditions
showing the CO spectrum for increasing and decreasing temperature up to 700 °C

including peak position and peak absorbance.

138



The behavior of the creation and the removal of the CO bonded to the surface are
shown in Figure 5.23 a). The extracted values of the central peak position and the peak
absorbance of the CO peak at various temperatures increasing and decreasing is also
shown in Figure 5.23 b). We see the creation of this CO peak to its maximum with
increasing temperature at approximately 400 °C before it starts to quickly drop off until it
is completely gone at 700 °C. From this temperature the catalyst is then cooled while the
plasma exposure continues. The peak then seems to form more slowly as the temperature
decreases with it maximizing at approximately 300 °C and then it is stable as the
temperature drops below this point. However it is clear that there is a threshold point
above which the CO is not stable on the surface and is removed and created by the
plasma treatment of the catalyst. It is also interesting to see that the peak intensity of the
CO peaks appears to shift to a lower wavenumber as the temperature is increased by

approximately 10 cm™.

5.3.3 Discussion

The balance between methane decomposition and production of CO, CO., and
H>0 seems to depend on numerous factors, more than what can be explored in this work
alone. The contribution of the plasma alone is shown for the gas phase results but this is
complicated once the catalyst is added in. CO for instance shows a significant increase
from having the catalyst and plasma present at low temperature but then drops off at
higher temperature. This may be due to the initial reactions in the plasma forming the CO

to change to favor CO; at higher temperatures. It is also possible that the same amount is
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being formed at all temperatures, but the high temperatures favor reactions to occur
between CO and oxygen and water vapor in the gas phase. There is evidence of this with
how the CO: increases significantly with temperature, much more so that H,O. This
could be because H20 is a reactant and CO: is a product of the CO conversion reaction.
The increase of CO from adding the catalyst and plasma together demonstrates clearly
that while the plasma it critical for CO production, the plasma species combined with the

catalyst materials also produced CO.

There are several things that can cause a shift in the peak position in FTIR
spectrum as seen in figure 5.23. One paper investigating various species that can absorb
onto metal substrates shows that CO absorbed on the metal surface can shift to a lower
wavenumber and this shift correlates to an increase in the surface coverage of the CO on
the metal surface.® Another work looking at CO absorption on nickel surfaces states
how CO peak position is a function of dipole-dipole interactions and is therefore
dependent on the substrate temperature as well as surface coverage.'® In general, a lower
wavenumber indicates more weakly bonded CO to the surface, which when due to
surface coverage is because there are more CO molecules competing for the same surface
electrons to bond with.'*®> However, in our case it seems that we may have a weaker
bonding state due to the increased surface energy since we simultaneously see a
weakening DRIFTs CO signal which would mean less CO absorbed on the surface. It
seems that for the CO production on the surface that below a certain plasma power there
is simply no CO produced in the gas phase and therefore there is no CO to be bonded to
the surface. However, once there is CO in the gas phase the surface must reach a certain

energy state before CO can be bonded to the catalyst surface in a semi-permanent
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manner. Once this occurs there is then another energy threshold above this where the CO

can then be removed from the surface via a combination of plasma and thermal energy.

CO production as a product from has been investigated for plasma methane
decomposition with catalyst materials other than nickel before. Lee et al. (2015) used a
DBD style plasma source with a Pd based catalyst and saw a similar behavior of CO
production to this work.*® They see a distinct reduction in CO production with increasing
temperature after a small increase up to 100 °C. It also increases with increasing plasma

power which is similar to what we see here in our work.

There has been some significant that has started to investigate the interactions
between plasma and catalyst materials. Stere et al. (2015) has investigated a Ag/Al,O3
catalyst for the decomposition of toluene and n-octane with a plasma treatment directly
onto the catalyst material using a helium based ring style plasma source.**® They attribute
the peak seen at 2165 cm™ to cyanide absorption on the surface and a NCO species
absorbed on the surface which has a peak at 2260 cm™, however they include NO into
their feed gas which complicates their system compared to our work since they are trying
to simulate diesel exhaust gas. There has been other work looking at the effect of nickel
catalyst in conjunction with a plasma reactor but they primarily look at the species
produced and do no measurements of the catalyst surface after the plasma

treatments 137,138,139,140

The most interesting observations that can be made from this work come from
comparing the gas phase results to the surface results on the catalyst material. For

instance, while we clearly see CO produced in the gas phase for all conditions above 2.5
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W we do not see it absorbed on the surface for all of these conditions. In fact, for greater
distance plasma treatments we see that CO is absorbed on the surface only after the
temperature reaches 300 °C by which point the contribution of CO production from the
catalyst seems to be greatly diminished. It is possible that the reason we see the
difference between the temperature range for CO in the gas phase is that a certain point
the surface becomes active enough to strongly bind the CO to the surface allowing us to
see it using DRIFTs even after the plasma treatment has ended. However it is important
to remember that CO that is removed from the surface often reacts with surface oxygen to
form CO,.24! Therefore as the temperature reaches 500 °C and the CO starts to be
removed from the surface by the plasma treatment, we may see a spike in CO2 production
and CO production. For the 2 mm 3 W case we actually see that there is still a significant
amount of CO produced in the gas phase for this condition, especially compared to the
case for plasma only. This could be signal from CO being removed from the surface by

the plasma treatment as seen by the DRIFTs measurements.

There are several things that can influence the reactivity of a catalyst surface
which can be further explored based on this work. One interesting point for future study
is the effect of nickel loading on the reaction pathways of CO on the catalyst surface
under plasma treatment. Previous work has extensively shown that for a nickel catalyst
materials between 1.8 and 15% weight loading multiple reaction pathways can occur for
CO absorbed on the catalyst surface, one for Ni sites surrounded by other Ni and the
other for Ni sites surrounded by oxides of the support.}*? Another goal of the future of
this work is to apply this technique to new catalyst materials where plasma may be able

to make them more effective. For instance, we see that plasma at a high enough
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temperature is able to remove critical species from the surface which means that catalyst
materials which tend to have issues with carbon deposition due to their affinity for carbon
bonding could be viable as catalysts. It may even be possible to create more reactive sites
on a catalyst that has issues with not being reactive enough with carbon species. We see
with plasma treatment of polymers that the plasma has enough energy to create reactive
sites so it may be possible under the right conditions to do the same with certain metal

surfaces.8!

5.4 Conclusions

We have demonstrated a new methodology for investigating how plasma species
interact with catalyst surfaces in the catalytic conversion of chemical compounds. We can
monitor the surface changes in situ and compare them directly to changes we see in the
gas phase. For this work specifically the reduction in methane by a plasma and catalyst
system was studied and the products of this reaction including CO, CO., and H20 were
measured. CO production in the gas phase seemed to be primarily due to the plasma
interacting with the catalyst surface and only is significant above a plasma power of 2.5
W. CO; production is controlled primarily by the catalyst temperature and H.0O
production seems to be a product of both catalyst and plasma. The nickel catalyst surface
changes significantly from both heating and plasma exposure. NiO formation occurs from
heating of the nickel alone though can be accelerated by plasma treatment and
additionally heating and plasma removes the water absorbed on the catalyst surface. An

unknown peak which seems likely related to a carbon oxygen bonded species shows an
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initial increase with plasma treatment and then a significant decrease once above a certain
temperature and plasma power. This behavior is also seen with the CO absorption on the
surface of the catalyst though we see both the formation and reduction occur over the
range of plasma conditions, though the initial formation is likely due to the production of

CO in the gas phase.
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Chapter 6: Conclusions and Future Work

Atmospheric pressure plasma has been shown to be very useful across many
applications for its production of reactive species and energetic particles which can treat a
wide variety of surfaces. This field has been rapidly expanding over the last decade and
the need for a critical understanding of how plasma species interact with surfaces has
become apparent. This work had advanced this field by using well understood
experimental systems and materials in order to carefully breakdown what are the critical
plasma produced species under certain conditions. This approach requires careful
characterization of the plasma sources used which had led to numerous collaborations

with the field of atmospheric pressure plasma science.

In chapter 2, we studied in detail the differences of a plasma source in direct
contact with a surface where ions and electrons clearly play an important role vs a more
remote condition where only longer lived reactive species dominate. For this work, a thin
polymer film of photoresist material was used due to the wealth of knowledge about how
the material reacts to plasma treatment for low pressure plasma processing conditions
which can be compared directly to effects seen for atmospheric pressure plasma sources.
When the plasma directly couples to a polymer surface there is an extremely high etch
rate observed and the etching occurs in an uncontrollable pattern around the treatment
area and the etching that does occur is non-uniform. However, for the remote treatment
regime, the etching is significantly lower and appears to be uniformly treated over the
plasma treatment area. The remote case etch rates and surface modifications are highly
tunable based on the feed gas chemistry, the plasma source temperature, and how the

plasma interacts with the local gas environment around the plasma source.
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In chapter 3, the remote regime of plasma treatment of polymer films using a set
of different plasma sources is investigated highlighting the importance of UV light for
some sources compared with other. In particular we see that the high energy photons in
the VUV range have a strong impact on modifying polymer surfaces. This effect is
particularly pronounced by one particular kHz driven ring-APPJ plasma source. The
modification seen is clearly highly directional and can occur through a MgF filter which
allows wavelengths of light through above 112 nm but stopped all other reactive species
from traveling to treated area. The chemical changes seen in the photoresist material used
are similar to those seen for VUV exposures using low pressure Ar plasma. The
transmittance of this VUV light occurs over large distances due to the displacement of
oxygen in the environment by the Ar flow from the plasma source. Oxygen in the
environment strongly absorbs this VUV light and must be displaced to low levels prior to
effect occurring. A simple model of the gas flow mixing with the ambient environment
show that the environment oxygen diffuses into the plume based on the ambient
concentration of oxygen. The type of plasma source is also shown to be critical to the
production and transport of these VUV photons. Additionally, operating parameters such
as feed gas chemistry drastically affect this VUV production as seen when oxygen is

added directly to the feed gas and the VUV effect on the surface disappears entirely.

In chapter 4 another method is used to investigate the most critical reactive
species produced for two different plasma sources. These sources have been shown to
have very different interactions with polymers; the APPJ source etches polymers away
easily while the SMD source only modifies the top surface of the polymer film without

removing any material. The activation energy of polymer etching is measured by
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changing the substrate temperature and is able to provide additional critical information
about the important reactive species reaching a polymer surface. For a SMD source we
find high activation energy compared with atomic oxygen etching suggesting less
reactive species reaching the surface causing surface modifications. However, for the
APPJ source we find that the activation energy changes over treatment distance,
decreasing below the value expected for atomic oxygen as the jet gets closer to the
surface. Additionally we find evidence of directional etching for the APPJ at close
distances which becomes less directional for further distance treatments suggesting we
have a contribution from high energy species at closer distances where there is no visible
contact between the plasma plume and the polymer surface. The SMD source however
shows no directionality for the etching that is caused on polymer films which occurs at
elevated temperatures. Therefore we can immediately tell by looking at the effect on the
surfaces that these two plasma sources have critically different mixtures of reactive

species.

In chapter 5 we use the APPJ plasma source to enhance the reactivity of a nickel
catalyst surface for the decomposition of methane gas. Here we find that the plasma itself
is capable of causing some methane decomposition over a range of temperatures and the
catalyst material alone is able to cause limited methane decomposition only at higher
temperatures ranging up to 500 °C. However we clearly see some enhancement of
catalyst decomposition by combining plasma and catalyst together. Additionally we see
that CO is produced as a product of this reaction only under certain conditions where the
plasma is above a power of 2.5 W, though this is enhanced by having the catalyst present.

CO is also strongly dependent on temperature, showing a decrease in the amount of CO

147



produced at higher temperatures. The CO> produced by the plasma catalyst system is only
significant at higher temperatures and does not seem dependent on the plasma. H2O is the
last product produced and we see that it increases with increasing temperature and
increasing plasma power. The catalyst surface seems to be critically changed by both
heating and plasma exposure separately. Heating the surface converts Ni to NiO and
reduces the amount of absorbed water on the surface of the catalyst material. Plasma
treatment however both induces and removes COO™ and CO species on the surface of the
catalyst. At lower plasma powers and temperatures these species are deposited and at
higher plasma powers and temperatures they can be removed again. CO in particular
shows a strong bonding the catalyst surface but with strong enough plasma treatment at
high enough temperature we see initially a shift to a lower wavenumber indicating a
weakening of the surface bonding before complete removal of the CO. As temperature is
decreased this CO is reformed again on the same catalyst surface with only a slight
hysteresis. This leads to the possibility that plasma exposure of sufficiently high power
can remove deposited carbon species on the catalyst surface which may block reactive

sites allowing for future catalysis reactions to occur.

This research highlights the importance of the difference between plasma sources.
Various plasma sources show critically different effects on surfaces based on design and
this can lead to vastly different outcomes for applications. Even using the same plasma
source in two different modes with the plasma touching the substrate or not touching the
substrate can lead to very large differences in treatment effect. The flow of noble gas
through a plasma jet allows reactive species to be transported over much larger distances

than for dielectric barrier discharge style sources. However, this comes at the cost of
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complexity of gas mixing with the local environment which we shown in chapter 3 can
lead to the displacement of local oxygen leading to the transport of high energy photons.
However, considerations such as frequency and voltage also play a role in this
transmission which can differ between sources. Chapter 4 shows evidence for how a
plasma jet source allows for very long-distance transport of ionized species as well,
significantly past the visible plume. However, for the SMD style source the polymer
interaction is completely different, and we see no evidence of directional species where

there is a lack of directed noble gas flow to the surface.

The overall research that is presented in this work helps to further the critical
understanding of how plasma sources interact with surfaces. Indeed, leveraging previous
knowledge of how well characterized surfaces behave under certain conditions can lead
to key understandings of what is happening in the plasma phase of the plasma surface
interaction. This requires careful surface analysis and understanding. The example
emerging field of plasma catalyst interactions is an excellent opportunity to use atomistic
understanding to further the field as a whole. This work represents an initial step into the

understanding but there are many things that can be investigated further.

There is significant future work that can be done based on the research foundation
laid by this dissertation. In general having a single plasma source used for research across
numerous facilities would lead to the best experimental results but this does not lead to
optimization for the numerous plasma applications which may each require different
conditions. Therefore, the most ideal case should be comparison of unique plasma
sources for specific applications to other more standard plasma sources used across the
plasma research field. This thesis uses this method, using the MHz pin-APPJ plasma jet
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as a benchmark source which has been characterized through measurements done at
several research institutions but also compares these results with other plasma sources

where possible to determine how generic these effects are.

Additionally there are several specific questions raised within each chapter which
could be further explored in the future. In chapter 5, different catalyst materials other than
nickel will likely behave differently under similar plasma conditions. These will likely
bond carbon species differently from nickel. This may allow for materials that previously
are unable to be used for catalyst materials to be viable as the plasma changes the
bonding affinity of certain critical species in the catalysis process. Additionally, the
specific manner in which carbon bonding to nickel surfaces can be further investigated by
using other characterization techniques such as ellipsometry. This allows for the
monitoring of deposition of species on surfaces in real time as well as being able to
monitor the conversion of nickel to nickel oxide. In chapter 4, further understanding of
the specific reactive species being produced by the plasma source would be critical for
the field of biological plasma interactions. Measurement of these species for the MHz
pin-APPJ source using techniques such as mass spectrometry measuring ions would
allow for correlation to the effects we see on polymer surfaces with the change of
directionality. Ideally, this understanding would also be extended to other plasma
sources that are jet style as these seem to be the sources where these species produce
dominant effects. In chapter 3, the most critical fact discovered is that under certain
plasma conditions and sources a significant amount of VUV photons may be incident on
the surface. However, the fact that one plasma source may produce significant VUV

photons but another does not means medical devices must be selected carefully to not
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induce unwanted cell damage. These studies can help direct modeling of plasma sources
and gas phase characterization as a limited number of reactive species are capable of
causing certain surface effects seen based on the behavior of the plasma etching or

modification of surfaces.

In conclusion, atmospheric pressure plasma has significant potential as a
processor of electrical energy into useful chemical species and effects. The specific use of
each plasma source must be studied carefully prior to use in applications, as small
changes to a source design can lead to significantly different surface results. The contact
of the plasma with a surface, the local gas environment, how the gas flow interacts
between the plasma source and the surface, the dissipated power, and numerous other
considerations should be taken into account when understanding new plasma applications

to surfaces.
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