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find high activation energy compared with atomic oxygen etching suggesting less
reactive species reaching the surface causing surface modificatiddowever, for an
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Chapter 1. Introduction

Cold amospherigpressure plasm@CAP) sources are being applied to increasing
numbers of applicationdue to their versatility and relative inexpensiveness coeajpiar
traditional plasma sourcekow temperature plasma at low pressures has long been a
critical tool for the processing of industrial materidhile atmospheric pressure plasma
has been around for many years for ozone production, but recently thepdeset of jet
style sources to be near ambient temperature has allowed expanse to new apglications
Plasma medicine*is a recently emerging field whertapma sources have been used for
wound healing® and cancer treatment® name a fewapplications CAP sources have
also been shown to be effective aurface decontaminatibof hospital equipmenwhich
may serve as a replacement or supplement to autoclave technology and allow for
disinfection of a wider range of hospital materialsor®¥ltraditional plasma applications
such asadhesioft and thin film depositiol have also been shown to be possible using
CAP saurces instead of low pressure plasma souRResent applications that are currently
being explored are water decontamination treatrHefuod sterilization'? and catalyst
enhancemertf Despite the wealth of applications being dd 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 #wa 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 understandmgThe use of these



atmospheric pressure plasma souinebe biological and medical fields are particularly
critical to completely understand as the healththe public is at stakend is one of the
critical applications that the results of this reskavdll be applied to Particularly
interesting is the treatment of medical equipment for sterilization and the treatment of
human tissueThere have been several previous studies attempting to understand how
atmospheric pressure plasma treatment acconeglisiological deactivatidfi® as well as

the comparison of these processes between atmospheric pressure and low pressure
plasmat® The results b these experimentsshow that it is likely that species being
introduced to the biological surfaces play a role in this biological deactiVfidrs 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 surfaé&! 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 humarstiue as any damaging condition would want to be avoided if possible.

Additionally, it is unclear howdifferent plasma sourcesehavecompared to one
another. Indeed in these cited works and the literature as a whole use different plasma
sources and showifferent effects on polymer surfaces which raises the critical question
of the role of plasma source design on #ifect of the plasma treatmenthere are
numerous design considerations which can cause signifchanges to hoplasma is
created by a soce and therefore how thesurce 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 frequahdfythis
frequency is pulsed or continuous, the gas flow composition, amdettteical behavior of

the plasma source. How these individual factors influence the plasma surface interactions

will be discussed throughout this dissertation with respeaatigidual 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 éhbancement of catalytic
activity and efficiency by plasma treatment during catakfsiBevelopment of tis
technology could potentially improve the removal ofatite air contaminant$ growth of
carbon nanostructurg$ decomposition of methane into useful prodéids or for
environmental healtf® 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 behavigeen. 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 withavious surfaces and determine what plasma produced species are
critical tocausing desired surface effects for desired applications. Previous work has shown
a correlation between surface modification and bi@algileactivation for one source and

species’ However, it is unclear if this is applicable to other plasma sources and if generally

3



surface modification or etching of materialnre important fobiological 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 biologicakdctivation.

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 dieddged 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 treatnstahcks we expect that
primarily reactive neutral chemical species to be the important species for surface
modification and etchingHowever, we sedrastic differences between source designs
even when there is no direct electrical contattis suggestshat 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 fiefdesearch and the fundamental mechanisms
are not fully understood or measured. This application is an excellent opportunity to
leverage the knowledge we have gained fstmaying plasma polymer surface interactions
to the catalysis study. The final gaa#lthis thesis will be to investigate how the surface
catalysis processes are enhanced by the introduction of plasma produced species.
Understanihg thesegorocesses is critical for further implementation and commercialization

of the plasma catalysis techagy.



1.2 Description of Materials

The focus of the majority of this work is on thin polymer film materigtdymers
are an excellent material to study due to their common use in low pressure plasma
processing for the semiconductor and other industri@sh provides a background to
compare our plasma treatments Aalditionally, they can be directly related to many
biologically related molecules which allows tesuse polymersssamodel material to study
specific reactive groups instead of more coogikd biological material§here 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 beingtéziéeor
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 stictures that may be present in biological molectfies

A polymethyl methacrylatePMMA)-based 193 nm photoresist (PR193) thin film
polymer of 140 and 300 nmitkness and @olystyrene 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 emgnmentsfor industrial semiconductor applications and being
sensitive to certain wavelengths of UV ligiitdditionally, these materials have been
exposed to carefully controlled plasma exposures at low pressure of only long lived oxygen
species and the activatie@nergy has been measured for these conditions giving us a
baseline of study for the activation energy studies at atmospheric pre€ibes.

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



structure of photoresistSi-containirg Anti-Reflective Coating $IARC) hard mask,
organic planarization layer (OPL), andtraethyl orthosilicatedo investigate etching
directionality. SiO; films with 750 nm thickness were used to investigate thermal effects
of plasma treatment.

Nickel catalyss supported on ADs and SiQ areused for methane decomposition
studies.Powdercatalyst is pressed together into pellet shapes around a ceramic to hold it

together for exposure under plasma treatment.

1.3 Plasma Treatment

Atmospheric presure 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 speies. 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
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 productiBandcan 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 producethere 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 dedated to modeling reactive species and how their densities change
with various plasma parametessources®*? Additionally effort has been dedicated to
measuring various species such as®8s3* 0,*® and high energy photo#fsor various

plasma sources. These effooften need to be adjusted for each dédfearplasma 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 universallyabgus 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 soues is available in chapter 3ghre 3.1.

The first plasma source that was utilized in this work is a kHz driverAirigJ]
sourceThis source is based on a design by Teschke*éTalo 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 defblock are driven by a variable frequency AC
waveform power supply

The second plasma source in this work kéa driven pinRAPPJ sourceA
central pin electrode with a 1 mm diameter is mounted inside a quartz tube (1.5 mm ID
and 3 mm OD) with a groured 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 i8Mdz driven pirAPPJ sourceThis source
was designed by Brugganet al and has been extensively characteri?étf® The

design uses a 1 mm diameter tungsten pin electrode ndouastde 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) sourceThe phase electrode is a 5 cm square copper plate, the ground electrode is
a shinless steel mesh with 50% of opening, and a 1.6tinnck quartz plate dielectric
separates these electrodes. The same PVYM500 power supply was used as for the other
kHz sources with an AC waveform.

Plasma heating of the substrate is a critical factockvban 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&unpeaused by plasma
heating has been studied for the MHz drivenARPJ 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 theratébbis 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 plasnteeatmentst the standard treaémt 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 driverAfiR)) source was
found to increase the temperature of the substrate by 3kadu@ minute treatment at 16
mm distance. The MHz driven plPPJ 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 \ery top of the surface that is being treated. This temperature is able to be measured
using ellipsometry to monitor the thickness increase of a tBi@ film on top of a silicon
substraté! We have previously found that SiO2 is séabnder plasma treatment by the
MHz plasma source at 8 mm distance under normal treatment conditions and the
ellipsometric data shows thermal expansion of the &illbwed by a return to the
original starting point post treatment suggesting no effeatrdog other than thermal
expansion. Using this method we have calculated that for a 10 minute treatment of the
same spot on a 750 nm Sifdm on Si at 8 mm distance with an A/@lasma discharge
at 2 W we see a temperature increase of approximatelyi@idt 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 catigtenoving 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 belowttikated 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.

Atmosgheric 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 mgles 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, ad diagnostics for the plasma.

1.4 Characterization Techniques

Characterizatiorof plasma treate materials are the focus of this work, however
some gas phase characterizations were also utilized. primary characterization
techniques used in this work are outlined in the followthgugh other techniques may
have been used for limited measureraent
Ellipsometry

Ellipsometry was conducteth situ and ex situ using an automated rotating
compensator SOFIE STE70 ellipsomeierthe polarizecompensatesampleanalyzer
(PCSA) configurationusingatHée | aser (& = 632.8 nm) at a
The measurement of amplitude ratio after reflection (psi) and the difference in the phase
shift (delta) are converted intdrh thickness and modificatiotihrough 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 B8KA surface
analysis sygm employing a Me& Usource (1253.6 eV) at electron takeoff angles of 90°
(deep probing depth & 8 nm)-3mmcklatizedtcddthe( s hal |
surfaceThe XPS system is directly connected to the chamber holding the plasma sources
througha vacuum transfer system to allow for transfer without exposure to ambient air.
Fourier-Transform Infrared Spectroscopy (FTIR)
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FTIR wasused to obtaithe chemical composition of theolymer bulk material
The material analysis is performed ex situ widh 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 mtwsesure
effectiveness of the plasma enhancement of the metlemoengosition over the catalyst
material. FTIR was also conducted in attenuated total reflection (ATR) ribdeATR
was performed using an internal reflection element of Ge crystal at 60° and the spectra
were obtained using a wiggid polarizer (at 270°ragle) placed between the interferometer
and the ATR cell. The absorbance spectra were collected at #esoiution over 500 cm
1to 3000 crt and averaged over 20 cycles

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

Diffuse Reflectance FourierTransform Infrared Spectroscopy (DRIFTS)

A DRIFTs unit made by Harrick Scientific Instruments was used for this work by
the name of the Praying Mantis addition to the praying mantis DRIFTs unit, a high
temperature reaction chamber (HABRRM-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 mto the reaction chamber dome.

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

to determinethe directionality of etching for the patterned samples. The analysis was
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performed on a Hitachi SW0 Schottky field emission gun scanning electron microscope
and was done at the Maryland NanoCertiMLab. The combination of top down and
cross sectionaiages 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.Phantom v7.3 cameraas utilized which has a

capabilityof 3 Gigapixel per second.

1.5 Thesis Outline

The goal of this thesis is @dvance the understanding of the critical species that
are produced by atmospheric pressure plasma sources interacting with surfaces. This is
critical to be able to advangdasmaapplications 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 reectraé n
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 higiggpéotons 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 hameble 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 differece that occurs when adding oxygen directly to the plasma feed gas.

In Chapter 4, a weltharacterized polymer film at low pressure is used to calculate
the activation energy of the etching process by APPJ treatment and SMD treatment. These
sources opeta 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 distanaghange. The SMD however shoaensistent activation energy
with less reactive species. Additionally we investigate the directionality of etching for both
of these sources by looking at 3 dimensional regade structures etchimg 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,, @ad HO praducts 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 occurriafgu during the catalysis
reaction. We can correlate the findings in the gas phake tdhhinges 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 atmosppegssure plasma (APP)
polymerinteractions depending on whether the electiitaraction of the plasma plume
with the surface isignificant (coupled) or not (remoté)hen the plasma is coupled to
thesurface, localized energleposition by charged sgies in filaments domiates the
interactions with the surface aptbduces contained damaged areas with high etch rates
that decrease rapidly with plasma souesampledistance. For remote APP surface
treatments, when only aetive neutral species interauith the surfacewe established

specific surface&ehemical changes and very slow etchingalymer films. Remote
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treatments appear uniform with etch rates that are highly sensitive tgade@tiemistry

and APP source temperature.

2.1Introduction

Atmospheriepressure plema sources have been increasingly investigated for a
wide range of applications, from biologitd“? to industrial surface treatmerfté* Here
we distinguish two modes of APPJ operation depending on if the plume is coupled to the
surface and charged species dominatsws 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 hairegrily been investigated post
treatment through methods such as biological deactiv&tioater contact angt,
atomic force microscop¥/, Fourier transform infrared spectroscd§ygnd profilometry*®
In this work we use a combinationiafsitutechniques including real time ellipsometry
and high speed photography with postrelegerization 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 theuAREe

interactions.

2.2 Experiments and Methods
The plama source used in this work has been described previbastiis based
on the design by Teschke et al. called an atmosppeggsure plasma jet (APPI)A

diagram of the experimental setup is shown in Eifya). 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 @5 mm outer diameter, 3.7 mm inner diameter alumina tube through which 2
Ipm Ar gas was flowed with or without 1% Or N> admixtures. The plasma was

generated using a high voltage power generator driven at 25 kHz. Applied voltage and
voltage across mea&ment capacitor was monitored by using a Tektronix P6015A high
voltage probe connected to a Hewdetickard 400 MHz oscilloscope. Power dissipated

by the plasma was calculated using the Lissajous method using a 1 nF measurement
capacitor (G).>%°! High speed photography of the APPJ was taken using a Phantom v7.3
camera. An ellipsometer utilizing a 1.5 mW HeNe las&32t8 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 Il surface analysis system postitnent. Surface

morphology was imaged post treatment using a Hitachf @Bnalytical scanning

electron microscopy (SEM) and through differential interference contrast microscopy.
The surface studied was a 300 nm thick PMiglsed 193 nm photoresist polymer

(PR193) film described previously.

2.3 Results and Discussion

Figure2.1(a) displays the two APPJ modes of operation. For the remote treatment
mode, the plasma is generated with source to nozzle distapoé€ 15 cm and nozzle to
sample distancedjsof 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 whin the tube (small-} or exposed to the ambient (sma)l §he
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 opieraal modes: remote and
closelycoupled. 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 chemistagigniow). 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 Fig2.1(b). The APPJ waddwed 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% Nz in Ar, and 11.6 W for 1% ©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{B") with 11.6 eV, which does not have enough energy to ionize Ar

(Ei = 15.8 eV), so the plasma is only formed by streamer pré¢dksaddition 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 withmétastable specié0;

addition to the feed gas, regardless of environment, greatly reduces the plume length and
intensity. This observation suggests restliplasma density for the addition of, Gkely

resulting from the loss of electrons by creation of negative oxyge?f mms is predicted

by modeling @ addition to Ar plasm&> The confined geometry of the APPJ controls the
gaseous environment around the plasma similar to the controlled environment shown

here.

Figure2l (b) (bottom row) shows high speed
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 éllowing the path of these filaments, as shown in E2fa). 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 hat plasma bullet emission occurs in a ring sR&pEypical etch rates are locally
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>100 nm/min where the filamé&nterminate 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 alho see etch rates above 1000
nm/min at distances of 5 mm from the sample, likely due to diffeseincthe 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(b) shows an SEM image of a damage spot whiashhigh 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(c) and compared to the position of thignificant 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 smaibeu 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 remdaltging the 30 second treatments was
determined for various source to sample distanegeéss(®nd is shown in Fig2.2(d). The
amount of photoresist removed decreases as distance increases and decreases more
quickly when the plasma is exposed to the ambenvironment. This agrees with
previous work demonstrating the importance of the ambient chemistry around the

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

plasmais confined in the APPJ tube.

1% O, /AT, 7 kV

A A confined
m  exposed

A

A
-
;%—

] A
|

0 5 10 15 20 25
s distance (mm)

Confined p—

Figure 2.2: (a) 1% Qin Ar, =2 mm, =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) Grapheof wher
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 distanazof sour
from sample (s =3's) for exposed (sfixed at 2 mm) and confineds(xed 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, tHerate 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 etchingcoatelated 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 energ.8feV. 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 thenalasirface 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 F&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 sampkemperature was estimated to increase by less than 30 °C
during a 30 minute argon treatment by measuring the refractive index changes of bulk

Sit
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Figure 2.3 Remote treatment{$ = 16 cm) at 14 k¥, thickness change rats vime
for (a) cycled Ar plasma on and off, (b) cycled Ar treatment by shielding the sample from

the plasma, (c) cycled Ar and Ar/liteatment, and (d) cycled Ar and Ay@eatment.

Feed gas chemistry at constant applied voltage plays a large rolerimitétg
plasma properti€s>3 as well as etching and surface modifications. Figre)-(d)
shows a comparison of a remote treatment with alternating pure Ar and 6N
admixture to Ar under same electrical characteristics for high speed photography work.

Etch rate for WAr increases to ~2.0 nm/min, which is several times greater than for pure



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|ikéic
explains the increased etch rate/Ab 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 gt ppotography.
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Figure 2.4: XPS spectra taken after 30 min remote treatment fer¢g = 16 cm

comparing surface chemistry (~3 nm probing depth) of pristinda ¥for Ar, 1%

OJ/Ar, and 1% N/Ar treatments.

While oxygen addition to the feed ga&sluces 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 MAr treatments likely comes from plasma interactions with ambient air.
All three gas chemistries also shove flormation of NQ species at the surface. The O
treatment shows increased species with greater oxygen content suchwkaxéas the

N2 treatment shows much less Bl@hd increased specidst have greater N:O ratios.
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2.4 Conclusions

In conclusion, te 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 isrdical 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 intecéion, 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 usethe different responses of 193 nm and 248pmotoresistPR) materials
by vacuum UV photons in combination wibveralkut-off wavelength optical filters as
a diagnostic to examine the relative importance of ikdlcedsurface modificatins

for different cold atmosphergressurglasma (CAP) sourcesWe compare the
contribution of VUV to surface modifications from four different plasma sources: an

argon based kHz driven ril§PPJ, an argon based kHz driven-giRPJ, an argon based
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MHz driven pinAPPJ, and a kHz driven surface microdischarge (SMD) source in air.
The kHzdriven ringAPPJ showed the largest ratio of VUV surface modification relative
to the total surface modification introduced, whereas the MHz APPJ showed the largest
overallsurface 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 doservation is consistent with the large O density previously measured for this jet.
Polymers treated by the open air operated S¥i@wed no thickness reduction.
Experiments show that VUV photons are primarily causing modifications for the kHz
driven ringAPPJ. We examine the influence of noble gas flow from the APPJ on the
local environment anthodel this gas flow at different oxygen concentrations and
compare to experiments with varied starting chamber oxygeno€hkednvironment has

a decisive impact opolymer modification from VUV emission & readily absorbghe

Ar excimer wavelength

3.1lIntroduction

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 ted wodtage
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 produceatioys types of
sourced"®2, In conjunction with this modeling, there have been many reports on
characterization of various reactive species for specific plasma sources suctt,as OH
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03z%4, 0O, and high energy phototisPart of the work below focuses on a particular
CAPP source and conditions in which VUV phat@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 modificationeReuter
al.®®* has measured the VUV produced by a MHzgtiyle, Ar fed APPJ (kINPen) using a
VUV -monochromator under vacuum utilizind/eyF> window at the entrance to the
monochromator. They also measure the effect of adding small amounts of oxygen to the
environmenjust beyond the plasma end, though their primary interest is measuring the
atomic oxygen produced by the source over various distances. Sclateithér
pulished work specifically differentiating VUV/UV from other reactive particles using a
specially designed MHz glow discharge APPJ utilizing®denhixtures which can
separate VUV from other reactive species that follow the gas flow convection. They
focus manly 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 aC:H films to harden which reduced etching from other sources (mainly atomic
oxygen). They alsom®w that VUV photons alone are relatively ineffective at
deactivating bacteria whereas combined VUV and reactive species treatment has the
largest effect. Dufouet al>® discusses VUV emission from a He @dgladmixture MHz
frequency plasma torch (AtomfloTM by SurfX). They propose that the mechanism for
surface modification is based on axHexcimer which emits at near 60 nm. They also
observe that small admixes 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 recetftlyrhis paper uses a MHz plasma source utilizing
He/CG, 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 elecwwatigurations, 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 seethe 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 literagualso 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 meatposure 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 Fstyle 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 sightaptatal 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 differe@APP 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
3.2.1Plasma Sources

This work invesigates four separate cold atmospheric pressure plasma sources.

The sources are shown in figuB4 and their properties are summarized in table 1.

1. kHz driven ringAPPJ source: This source is based on a design by Teschke
et al®’, and is shown in figurd.1 a). Two copper electrodes (20 mm
lengh 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 isasured by a
high voltage probe (Tektronix P6015A) connected to an oscilloscope
(HewlettPackard 54504A) with a 400MHz bandwidth. The standard
operating conditions for this jet are 24 kHz, 14,kVoltage, 3.5 Watts
dissipated power, 3 cm end of nozzles#mple 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 capaitor on to measure the current on the ground of the plasma
sourcé®.

. kHz driven pirAPPJ source: This source is shown in figBeb). A

central pin electrode with a 1 mm diameter is mounted inside a quartz tube
(1.5 mm IDand 3 mm OD) with a grounded copper ring electrode (20 mm
length 3 mm ID) outside the tube. The source is operated at 24 kHg, 6 kV
papplied voltage, 1.5 Watts dissipated power, and with 1.5 sIm of Ar flow
which corresponds to a gas velocity of 8.0 niife 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 pirAPPJ source: This source wasidged by Bruggemagt

al. and has been extensively charactef%&F° and is shown in figure

3.1 c¢). The design usesl 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 0.2on/off duty cycle (20% on time, 80% off time), a thaeeraged

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 calculatedthis source can be found

in detailed work done previou$fy Operating conditions were kept as

close to previous work as possilbbemake it comparable.
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4. kHz driven SMD source: This source is a kHz driven surface
microdischarge source and is shown in figdided). The phase electrode
is a 5 cm square copper plate, the ground electrode is a stainless steel
mesh with 50% of openingnd a 1.6 mrrthick quartz plate dielectric
separates these electrodes. The source is operated at 42 kHz, 6 kV
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 plasmarses 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 theseperiments. These materials have been extensively
investigated previously along with details of their chemical structures, and they show

significantly different behavior when exposed to VUV radidtton
3.2.3Surface 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 tam@sively investigate

thicknessand index changes measured in+te@ak 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.
Fouriertransform 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 polaizer (at 270° angle) placed between the interferometer and the ATR cell.

The absorbance spectra were collected at 4 resolution over 500 crto 3000 crit

and averaged over 20 cycles. Images taken of samples post treatment were performed

using a diferential interference contrast microscope equipped with a digital camera.
3.2.4Experimental 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 chemistgyifius
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 distaasechosen 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 fedeoxmpur
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 oMUV emission that affects surface modification. The Mfiler 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 he sample.

3.3Results and Discussion
3.4.1Comparison of PlasmaSources

In this work we find that a kHz driven rirgPPJ operated so that the plasma does
not directly contact the surface primarily causes polymer thickness loss due to VUV
emission. Thiexplains behavior previously seen for this source where less thickness loss
occurred for oxygen addition to the feed%agvhile high energy photons are cleattig
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 selectthgper

conditions are shown in figuiel.
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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 cHkAdriven 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 ga where applicable comparing with and without a Migjter.

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 Migf over a
PR193 sample is shown in taldd. The MHz pinrAPPJ has the largest thickness loss
rate without a MgEfilter. 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 engrghotons 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 Mgflter as compared to without. The kHz driven iRPJ
shows reduced thicknesstorate for both conditions compared with the-#iPJ and
the VUV component is smaller. Finally, the kHz driven SMD source, operatingand
N2 mixed environments (including air), shows no thickness reduction for either condition.

It should be notechiat 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 em or |l ess prevent i ng % vwerdforenb dUveffest t o
was expected for the SMD source. The +AfgPJ sarce 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 exhilhigher 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 ndar 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 changesdlaxation 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 investigatednditions enhancing further the reactive species density.

There are additional small differences between the sources such as a 1.5 lpm 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 sangwas 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
surfacé®®. The introduction of oxygen to the feed gas of the MHz ABBurce shows
less thickness loss with a Mgfiter in place over the sample, which corresponds to only
the VUV effect (see Fig3.2). This result matches well with previous work by Dufour
who show this decreased VUV effect with molecular oxygen additioine feedgds.
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 MgEfilter but increases average loss rate for no filter for 20 minute treatment.

The MHz APPJ shows the opposite effect without the Miter 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 éf &@r3for similar conditions used
heré®. This increased thickness loss rate is further evidence that the type of APPJ source
used is critical with respect to the surface effect needed asatitfreactive species have

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

The kHz driven ringAPPJ source has the highest ratio of modification from VUV
compared to total modification so this source was chosen to furthstigate the effect
of VUV. The details of this source are shown in figBrea) and has been described
above. The standard operating conditions that are used are 24 kHz, 14 KWd-peak
voltage, 3 cm end of nozzle to sample distance (with the plasmaired within the
quartz tube), 2 standard liter per minute (sIm) 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 sutfaee 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 thatdifisight interation 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 irBfyajeand b).

These images were taken post treatment using the differential interfeme@moscope. In

order to further narrow the suspected species down, a filtgiF 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 thatithary

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 photofi4 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 el to different sources with metal mesh
between source and sample. (A) The +&RPJ source with no filter and (b) the ring

APPJ source with a MgHilter both show pattern transfer.

The kHz driven SMD source was also investigated using the metahvmtbsiind
without the MgkF filter. No surface modification was seen for either case. There are
several differences between the SMD and-éirPJ but primarily the SMD operates in
open air whereas the primary gas in the APPJ case is argon. This provibesevwhat
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 whfg&: filter is ove 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 areingukis modification is between 114
and 142 nm, which is in the vacuum ultraviolet range. This provides evidence that the
emission is due to Af excimer species which emits in a continuum spectrum around 125
nm®8, It is also possible that there are some contributions to this emission from impurities
in the Ar gas flow. This A¥ excimer state is created by a thileedy collision proces
involving argon metastable statt<Emission from this species has been characterized by
previous work®, but the effect it has on surfackas been limited to disinfectinThe
modification seen without any filter in place is greater than with an,Migér. This
increase without the MgFilter may be due to some attenuation from the Miter as
the transmission drops quickly near the cutoff wavelength. It may also be due to some
emission from the Ar emission lines at 104.9AR ¢ 'Sg) and 106.7 nm*P1- 1Sp) which
would be cutoff entily 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 bgigxellipsometry of PR193 and

PR248 photoresist material with various typékigh energy photon filters directly over

the sample.

Photoresist surface modification was measured by attenuated total reflection

Fourier transform infrared spectroscopy (AFRIR). PR193 and PR248 were measured

in their pristine state, after a treant with a Mgk filter over the sample, and after a

treatment with no filter as shown in figus& a) and figure&.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@férence in the FTIR spectra. PR193 shows degradation of the
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C=0 bonding and reduction of the@C bonding after treatment with both the MgF

filter and without any filter. PR248 shows only slight reduction in tie-C bonding.

These results are similer previous FTIR analysis of photoresist introduced by VUV
photons using low pressure plagf&igure3.5 c) shows the approximate structure of

these two plymers 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

seeng VUV modification of these photoresist polymers by atmospheric pressure plasma.
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also shown.
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3.4.3Influence of Local Environment

While conducting the initial experiments, it was observed that the treatments had
a lag time of several minutes before magifion 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 wased 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 figuBx% a). The Ar flow from the rind\PPJ must be having
an influence on the lat 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 Aoncentration in the chamber over time and was then applied to
the time of the experiments mentioned previously and is shown in 8gu®. This
suggested that Ar is displacing the local air environment which allows for VUV to be

transmitted at atmosphe 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 rilNgPJ source was evacadtand refilled

with variousO2:N2 mixtures prior to treatments of PR193 as shown in fiufe).
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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 witixygen 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 figuB& b). We can see hetteat 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 moreaxygpresent 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 dominantitveeapecies.
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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 effecttbk Ar gas flow from the APPJ on the

ambient gas, a finite element model was developed using COKSDiis model was
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developed assuming laminar flow and without consideration for heating dbwhegds.

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
occurgs. 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
regioncompared to the overall chamber. A simple model was developed based on the
diagram shown in figur8.8 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 in3i§wkand 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 perforraeuiatber

of static ambient concentrations. The results for the oxygen concentration over the
distance between the jet nozzle and the sample are shown inJigae This suggests

that the local oxygen concentration in the jet effluent is approxim2tefgders 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 suggestgdiie COMSOL modeling was then applied
to a BeetLambert transmittance calculation to show the expected effect of oxygen

attenuation. The equation describing the particular case here is as follows:
a 57 e w, Qw p
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In this equation d'is taken to be the maximum polymer modification effect which occurs
in a pure Ar/N environment containing no oxygen and will be proportional to the
number of VUV photons transmitted for these conditions. Tkisnt&o 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 tegng /3ed

to represent the number of photons that are integaatith the surface. L is the path

length of the VUV photons through the oxygemtaining gas which is 3 cm from the
nozzle to the sampleppis the oxygen number density based on the oxygen
concentration, andloz is the oxygen cross section at 125 nme diygen cross section
was found from the literature to be approximately 10 %107 for 125 nni>’4. 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 (modeluduly) 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 fsgii®. The comparison here

shows the average thickndess rate at a given time period from the experiment which

53



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 thenle 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 modeles a fairly good representation of how the Ar flow is
affecting the locaD- 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 (correspondirig 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 frortime 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 modenatch best toward the upper end of the modification rate data.

3.4Conclusions

High energy photons in the VUV range have a strong impact orsneace
modifications for remote plasma treatments of PR193 by a kHz drivei\RRg. This
modification ishighly directional, and takes place through a Wijker. 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 absorbghe 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 environmiein 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 specifiations, 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 nsa loss rate through a radical process, most likely atomic oxygen.

3.5Acknowledgments

The authorshank D. Metzler, C. Li, A. Pranda, B. Nguyen for helpful discussions and
other contributions to this workVe alsogratefully acknowledgénancialsuppot of this
work by the US Department of Energy (EBE0005105, DESC0001939) and National

Science Foundation (PHY004256, PHY1415353).

55



Chapter 4: Polymer Etching by AtmosphericPressure Plasma Jet and
Surface Micro-discharge Sources: Activation EnergyAnalysis and
Etching Directionality

A. J. Knollt, P. Luan, A. Pranda R. L. Brucé, G. S. Oehrleih

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

Electronics and Applied Physics, University of Maryland, Colleg& D 20742, USA

2.1BM TJ Watson Research Center, Yorktown Heights, NY, 10598, USA

This work is published and can be found in full by the following citathanl. Knoll, P.
Luan, A. Prandd, R. L. Brucé, G. S.Oehrlein PlasmaProcesses and Polynser

2018;e1700217

Abstract

Treatments of polymer films using either a MHz atmospheric pressure plasma jet (APPJ)
or an atmospheric pressure surface mdischarge (SMD) plasma are investigated.

While the typical approach to determine relevant reactiveispés 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 osayat the surface for these processes in

more detailThe APPJ source shows an apparent activation energfy. eV at 8 mm
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distanceand up to ~0.8 eV at 16 mm distance for a temperature range of 20 to 80 °C
tested withthin polymer films. TheAPPJ sotce shows directional etching at 8 mm
distance with less anisotropy the more distance is incredkedSMD 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 thelsMirface chemistry changes
significantly b less oxidation with increaséeimperature while the APPJ source induced
modifications remain very similar with temperature change. The lapgarent

activation energy of the APRdduced etching reactismas canpared with low pressure
work (0.5 eV)and observation of liref-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 activationrgyeof the SMD suggesthatspecies
with less capability for etching is responsible compared to the APPJ and low pressure
plasma. The high surface oxidation from low temperature SMD treatments ttadvthe
surface is being oxidized but not sufficientbyreach 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 productionisce CAP technology was first developed, recently the development of
jet style sources with an extended plume near ambient temperature has allowed expansion
to new application$ including plasma medicine®* polymer adhesion, thin film
deposition’® water decontamination treatmeht,food sterilizatim'? and catalyst
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enhancemenf Despite the wealth of applications bgistudied, 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 cell$® but in all of these studies it in unclear what

the key variables are that determines the seen surface effect. There has be&namsigni
amount of research dedicated to modeling reactive species and how their densities change
with various plasma parameters of sourté€$ Additionally effort has been dedicated to
measuring various spes such as OFf 0334 0*® and high energy photo#fdor various

plasma sources.

The goal of this works 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 plasansources with regard to etching polymer filfi¥vVe seek to compare a
MHz APPJ source with a SMD source that between these two types have shown
fundamentallydifferent behavior with respect to their interactions with polymers surfaces.
The MHz APPJ has been well characterf?&dto determine which gas phase species it
produces and these have been correlated tontloerst of etching of polymer film®:22
The SMD has also been characterf?eahd shown to produce @ 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 wilie 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 tolsraatthighly-reactive chemical
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neutral species which travels from the ptassource to the sample when there is no visible
contact between thef® This work seeks to explain these diffaces 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 aase 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 ifferent 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
understandthese 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 th 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 inviespgéymer 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 pressute activation energy in
oxygen plasma systems is well documerifetiside from this comparison, the polymer

film is based on polynethyl methacrylate (PMMA), a commonly used polymer and our

59



results can therefore be related to tH&da.general, a lower activation energy suggests
that etching species carry energy to the surface and initiate polymer éfthiiggner
activation energy suggests that the etching species haenesgy 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 stdclkeyers 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 chasetod
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

experimetal chamber setup with ellipsometry and gas control.

The MHz driven APPJ source was designed by Bruggeshahand has been
extensively characteriz&#%%° and is shown in figuré.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 electrodes.3
length, 3 mm ID). The original design is based on the atmospheric pressure plasma jet
proposed by Park and Selwd#fiThe standard operating conditions of the MHz jet are a
13.5 MHz modulated drivefiequency with a 20% on/off duty cycle (20% on time, 80%
off time), a timeaveraged 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 1®&m. Details of how the power was calculated for this source can
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be found in previous worf. Operating conditionsere kept as close to previous work as

possible to make the conditions compar&pfe.

The kHz driven surface mmadischarge source (SMD) is shown in figdré b).
The powered electrode is a @87 square copper plate, the ground electrode is a stainless
steel mesh with 50% of opening, and a 1.6-thiok quartz plate separates these electrodes.
The source is operatat 42 kHz, 6 kVgp 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 butover a much larger area of discharge compared to thedviiden APPJ source.
The design of this source is based on the work by Mdffilhere is a wealth of literature
looking at sources similar to this one for use in disinfecting sesfaLi, 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 HirMaisch, T. et al. (2012) uses a fswe
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 thtenaspheric pressure plasma sources in a
sealed chamber in order to accurately control the ambient environment surrounding the
plasmasource. 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 propoitintegral derivative (PID)
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controller to keep the temperature of the sample at a precisely controlled value.Ahe AP
plasma source is mounted on a custom built x aaxiy stage-® to uniformly treat a large

area of polymer sahat the sample properties can accurately be measured using
ellipsometry. This ¥y axis stage was tested in this previous work to ensure that the sample
area was uniformly treatéd 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 immediatelgviodg 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 rfdhe apparent activation energy and etching behavior study. A
stacked structure of photoresist-c®ntaining AntiReflective Coating (SIARC) hard
mask, organic planarization layer (OPL), and tetraethyl orthosilicate were used to
investigate etching diréionality. This polymer film was used to provide comparisons to
literature values in similar etching studies at low pre$8ffrand because its behavior is

generally similar to PMMA film¥ which are common to numerous applications.
4.2.4 Characterization

The APPJ has been characterized to show the flow dynéftas, temperatur®,
electron density? density of NO°2 and O% The electrical behavior of the SMD plasma
source as well as the types of reactive species that it produces has also been

characterized*®?
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Ellipsometry was conducted in situ and ex situ using an automated rotating
compensator SOFIE STE70igsometer in the polarizesompensatesampleanalyzer
(PCSA) configurationusingatHée | aser (& = 632.8 nm) at
The measurement of amplitude ratio after reflection (psi) and the difference in the phase
shift (delta) are conveed 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 spedtrof the C 1s, N 1s and O 1s were obtained at 20 eV pass energy at
an electron takeff 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 treatmnt 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 analysas performed on a Hitachi SID 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 Figurd.2 a). The etcding 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 AP&Joom temperature for various feed
gas chemistries and different feed gas flow rates and local environment gas chemistries.
b) Example Arrhenius plaidf log of etch depth vs 1/ temperature for APPJ treatment and

showing activation energy relationshipsiope for one conditian
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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 controlledriNironment. The magnitude
of etching caused by 1%,8 admixture to Ar is greater than the 1%a@dmixture 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 stilysligh
longer than 4 mm. Pure Ar shows a smaller rate of thickness loss with increasing distance
compared with the 1% 4@ and Q admixtures which have very similar magnitudes in the
loss rate. This could be due to the slightly longer plume length which Wieilld
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 4énixture

changing the environment to pure oxygen gas significantly decreasashiaepth®!

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 causss étching>®° For a pure N
environment, this reactigmathway 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 jptume length for the oxygen admixture cases. Additional
information on the behavior of the APPJ source at room temperature has been published

in more detail elsewhef&??

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

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

rd “r{m® ﬁ (41)

In this equation & is the rate constant for the overall etching reaction which we assume

to beproportional 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 oriuegripera
expected as shown in equatibd. From this equation the activation energyén 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 contribofidghermal 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 polyrhar 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 directyated 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 plasmgstems, particularly for the addition of fluorine to

oxygen plasma®%89784
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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 pl8sfor
O2in Ar is shown in figuret.2 b). The temperature range of the experiments is from 20
°C to 80 °C. It is clear from this plot that the activation energy is increasing with
increasing treatment distance. The calculated apparent activation energshfdistance
and plasma condition is shown in figut8. The 1% @admixture shows a distinctive
increase from 0.18 to 0.34 eV over&mm to 16 mm distance. Changing the local
environment to oxygen from nitrogen had very little effect of the activatiengy for
1% O admixture. However, decreasing the flow rate from 1.5 Ipm to 0.5 Ipm increased

the apparent activation energy for 1%admixture, though the trend with distance

69



stayed the same, increasing from 0.35 eV at 8 mm to 0.54 eV at 16 mmxA% H
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 ardundrounded 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 temperatueased to approximately
60 °C. The complete thickness change of the polymer film for SMD treatment conditions
is shown in figuret.4 a). The maximum effect at all temperature is seen for the 5% N
in O2 gas chemistry condition. This corresponds atsthé gas chemistry that causes the
maximum surface modification condition seen in previous work by the same plasma
source'’ Etching occurs in increasing amosiabove 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 witdtnminutes 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 pusrg@®s chemistry condition; however this
condition still shows etching at higher temperasu Figured.4 b) shows the distance
effect of SMD treatment for the 15% M O 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 thek 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 #t 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 showinghe calculation of the activation energy is seen in figuben).

The appearance of the slopes is fairly similar over all treatment conditions. The
calculated apparent activation energy is shown in figugd) for all gas chemistries
explored. The actitaon 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 puadé.
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Figure 4.4:a) SMD treatment of PR193 at-80 °C for different gas chemistries and b)

SMD treament 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 thevertical 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 i figayén
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. Figuré§ a) and b) showhe cross sectional SEM images for
two example treatment conditions for the APPJ source treatment. Bigugshow
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. e\mv, when the treatment distance
is increased to 16 mm and the temperature increased to 80 °C as shown uh.@iglire
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 shovigure4.7 a) and c)
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 igotvath 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, ¢) example SEM
image of SMD treatment showing most isotropic ctiadj 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. Fiybire)
shows an example cross sectional SEM image for SMD treatment at ABPONgas
chemisty 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 b) and 8 d) respectively. We see that the ratio

of lateral to vertical etching is approximately 1 for all treatment conditigmich is

characteristic of isotropic etching.
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depths of organic planarization layer for various treatment conditions.
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4 3.4 Surface

Chemistry

The surface chemistiyas 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 in4i§ufiéhe previous

work compares the surface chemistryaaghodel polymer directly after treatment by both

sources? It is clear that the SMD treatment creates significantly more oxidation in

general as can be seenthg reduction in the C1s spectrurQZH 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 tosld@achment to the surface. The difference

in surface chemisgralong 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) N1 &) Ols.
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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 nowmtching cases. Figure9 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 Ols
spectrum are significantly higher than the pristine sample as well as themddia
peak corresponding to N@ 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, thenatant of the

NOsz peak stays the same at both temperatures.
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Figure 4.9: XPS of SMD treatment at varying temperatures showing high resolution

spectrum of a) C1s, b) N1s, and c) O1ls.

The APPJ surface chemistry was also measured post treatment forddugh

temperature treatments under the same operating conditions, The results of these
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treatments are shown in figu#el0. The higher temperature treatment shows a decrease

in oxidation which can be seen in both the C1s and the O1s spectrums respddtigel
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 lacemaéntration 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 XP&xoDontamination

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 oh#éufoom 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 eéosdhe two cases shown

in the data in figurd.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 c) Ols.

4 4. Discussion

The APPJ and SMD plasma sources interact with polymer surfaces in very
different ways. The APPJ source is operatetthénMHz 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 primarpsport 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 surfébe.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 whichegimany 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 reaetispecies 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
produ@d 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 treatnfémtbere the samples are renegvfrom
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 eldilaanents on the
surface which leave behind damage areas and lead to highlyniform etching of the
polymer based around where these filaments strike the s@ff&ee.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 APPJBehavior

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 oxygentie 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 polymeriet®! 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. Howewmt 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 breakdomcgss is always influenced by the presence
of an electronegative gas due to the reliance on electrons to profyajasitemay 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 like¢/td the higher reactivity
of OH species by about two orders of magnitude compared with O reactive $fftcies.
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®!
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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 walithen 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 reactigutral species with etching amotfit?
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 apmt activation energy values for the photoresist thin film
polymer used in this work are approximately 0.5%&Vhe cited work states that this
should primarily be due to atomic oxygen and related chemical species, the same primary

reactive speies 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 sourperating 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 significaetching, 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 energhgo 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 thatdistance 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 specidsowering 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 suggis 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, directality refers to there being more etching in the
line-of-sightof-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 chages 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 obse&ation 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
speciesnay 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 timesf{®1°2 At atmospheric pressure, high
energy photonsra known to cause a directioreffect 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 surfaéeAdditionally, the modification of photoresist by high energy
photons leaves a very distinct densification of the polymer film hvisiot 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 engy 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 enhaced 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
suiface, 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 correspoads t
travel time from the exit nozzle of the AP
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 convettimngas
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 approximate®/rhm above the
top of the sample. This result was found as part of a finite elemaohe| of the APPJ gas
flow which are described in previous wdfKThis would suggest that the Ar gas flow

should cease to contribute to the directionalftgmecies 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 presesignisiantly 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 hdytbe visible plasma plunféBy using
molecular beam mass spectrometry it was possible to measure positive ions out to 10 mm
from the nozzle of the jet whidhalls 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. SoapA., et al. measured the electric field from a He APPJ and

86



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 paramé&téssiditionally 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. Becauské 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 are’d? 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 fedéttri
generated within the plasma source. For this specific APPJ source used in our work these
ionization waves have been measured at 30 Kin@verall themost 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 photon
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 consistekeéeping 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 ppnl€3s than 1 ppm NG3 ppm NQ, and 25
nW/cn? UV photons (all within the UVA spectrurfiy.This paper also mentions the
presence of O and OH in small values that are not measukegai@a, 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 environn¥&fitsey find the
evidence of @ HNO;z, N20O, and NOs from FTIR measurements and hypothesis the

presence of b HO2, and NQ in addition to the measured species using modeling.

Our experimental results show when at room temperature thereyia onl
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 wed with t
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
adorbed 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
nealed 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 ksgleed etching and the much lower activation

energ 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 speciearfd 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 NOr some combination of N@nd reactive oxygen
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species. This is further supported becausedigest amount of absolute etching is when
the SMD is operated using 15% N O. which corresponds to the greatest amount of
NOs species seen bonded to polymer surfaces post treatment usipgxotoelectron

spectroscopy in previous wotk.

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 pdormed 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 occinat ia
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 removexiuation 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.
Winters1% 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 ofrggdérom these oxidizing species
and this allows th&lOx species in the polymer to build up. Etching of polymers is
inhibitedunless enough energy to activate the etching process is provided in the form of

thermal energy.
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The SMD source relies entirely 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 t@ @nt*s in air'”’, the average travel time of the
species would be betwe8r2 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, togerall 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 tHecal 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 reaiee 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 antherefore 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 surfacd-urther investigation into the exact nature of this interaction will be

carried out in future studies.

The SMD source also creates N&pecies in the gas phase which may contribute
to the difference in operating mechanism. These species have been gaasogrFTIR
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for a similar SMD type source where the authors found that the primary species seen are
Os, N20s, N2O, and HNQ for a humid air environmeit.In particular, the HN@species

are believed to be a key reaction species with weter that work. For SMD treated
polymers a pronounced N@eak is seen for polymers followiti@y/N> 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 dependirigeotreatment conditions,
followed by singlet oxygen, ozone, and then NO at a much lower magrifuiiee

critical species is believed to be atomic oxygertlics 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 ofagisurfaces. Yun Y. B. et al (2007) studied
enhancement of Sitching by adding NO to a fluorine containing plasma. This
enhancement is caused by the removal of oxygen from tha&f@rm NG or HNG;s
species which made the formation of the etchingispeSik easiert®® However, in the
case of polymers more oxygen is generally required for etching to occur by transforming
the carbon into a volatile speciesisis possible that this N€acts as a source of oxygen
once the temperature is increased. Kastenmeier, B. E. E., et al. (2001) looked at the
etching of SiN4 using a NO and F containing plasma. They found that while the NO
enhanced the etching reactidme fprimary etching product was 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 thgas 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 t@5% N in O, gas'®

4.5. Conclusions

The APPJ source has a high etch rate at room temperature with low surface
oxidation whereas the SMD source daes 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 etchipmechanisms. 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 thamqumarable 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 aguial 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 ggen 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 abstdietch 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 chemicaixidation 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 withsurface 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 atepbieric 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 commonlysed nickel catalyst material to decompose methane gas by
partial oxidation reaction. We us®uriertransformspectroscopyRTIR) analysis of the
gas phase post reaction to measure the loss of methane and the production of,@@d CO
H20. We find redugon 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
catalysttempeature increases. G@roduction is enhanced by having the catalyst at high
temperature and 3@ production depends on both plasma power and temperatwze.
catalyst surface is monitoreth situ using diffuse reflectanceFouriertransform
spectroscopy (DAATS). Using this technique we differentiate changes wbachiron the

surface due to heating alone of the catalyst and those which are due to gtassare
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during catalysis. We see formation of NiO due to heating of the catalyss andanced

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 twonded

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 potentialagmngp
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 workwe seek tmbtain arunderstandinglasmasurface interactionslated
to theemerging CAP application of enhanced catalytic reactivity by plasma exp8stire
Atmospheric pressure plasma synergistic enhancemeantalysts 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 lifetime¥he studyof 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
understandingThis emerging technolgghas so far been applied ¢everal applications
towardenvironmental solutions such as the destruction of chlorofluorocatbaesnoval
of volatile organic compounds such as toluene angd Wch are air pollutant®?! The

applicationwe investigate in this work ithe decomposition or oxidation of methane into
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hydrogen gas and G@pecies. Thiprocesss being investigated for the goal of capturing
the hydrogen for efficient syngas productifrand also for the goalf removal of methane
from the environment prior to release into the atmosphere where it acts as a very strong

greenhouse gds®

In the field of atmospheric pressure plasma interactions with catalyst materials
catalyst plasma synergistic effedse of great interesOne specific effect seenoin
plasma treatment of catalyst is the shift of the curve of targeted decomposition of material
vs temperature to a lower temperature raitge*!® Whitehead et al(2010 takes this
study one step further to show that the amount of temperature difference between the
plasma and neplasma treatment converted to the same amount of electrical energy would
take far more energy than the plasma treatment reqgttr€®r 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 separatea @asim
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 ofatikore
products. Pietruszkat al. (2004) demonstrated that increasing the input power of the
plasma treatment during catalysis lead to an increase in thevsCOO selectivity for a
methane decomposition reactiti They attribute this to moving closer to the
thermodynamic equilibrium for C{production using plasma input energy which normally

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

While somesffects 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
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synergistic effectsThe possible synergistic effects at the surface of the catalysts ar
outlined by a review paper byeyts et al. (2015}'” The surface morpholod}? and
dispersion of the catalyst matetidlon the support structure has been shown to change
post plama treatment which could help with the catalyst reaction by leading to more
reactive sitesThe 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
occut?%?l or simply clanging 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 spedémng et al. (2013has shown an
increase in Nklconversiorefficiency 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 $tf€Ehere are also potential catalyst
effects on the plasma that may occur for some systeinich 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 thenglerstanding of what synergistic effects are occurring for

our plasma catalysis system.

There areseveral approaches to conversion of methane over catalyst matdréls.
most commonly used one for hydrogen production currently is reacting methane with
steam to produce CO, G@nd H which is an endothermic process requiring 206 kJ/mol
of energy and is shown in equation&hother reaction is the typical combustion reaction
which methane reacts with 2 6pecies to produce G@nd HO, however this reacnis

highly exothermicallyreleasing ~800 kJ/mol of energy and is shown in equation 2
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Methane can also be reacted with:G@produce CO and tbut this approach requires a
large energy inpudf 247.4 kJ/mol which is larger than steam reformagiond isshown in
equation 4The approach that is most desirable for our wehikch can be done at lower
temperaturess the partial oxidation of sthane is which is mildly exothermieleasing

35.6 kJ/moknd is described in equatiorf°l

00 ™ + 60 O (1)
00 c¢0 t+ 00 cOU 2
00 "O0Ut ¢60 0O (3)
600 60 t+ ¢c60 ¢O 4)
60 00+ 66 O (5)

It should be noted as well that any CO produced can undergo several reactions as well with
oxygen and water vapor to form @O he first is simply a reaction with oxygen which

only produced C@and the other reaction is shown in equation 5 whichymeslboth C®

and B. 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 plaswvironment which is highly
nortequilibrium and may provide energy to produce reactions not typically seen for
methane conversiorSome of these species include atomic oxygen which is reactive
enough to break the bonds between many other molecular spétlespecies where the

x is less than 4 which normally occur at a surface but can happen in the gas phase with a
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plasma environment, and metastable species such as exciteavi@ can absorb

significant energy in vibrational states.

The goal of thisvork 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 IRabsorption and observe these changes as they occur in real time. This setup
is then connected to a gas cell which uses IR absorptionridanseveral critical species
involved in the reactants and the products of the methane partial oxidation reAfttilen.
CO is expected to as a product from this reaction it is also possible to formn@®O
depending on the available oxygen, catalyst surface states, and energetic particles produced
from the plasma source. We are able to monitor how these spec@edunced 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 besiigated 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 twhiay 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 calletlgat poisoning. This can be monitored by
the DRIFTs 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 undestanding 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 inghork is aviHz drivendesign createdy Bruggeman
et al. andhas been extensively characterif@dplasma species produced, heating, and gas
flow parameters$®32%° The design uses a 1 mm diameter tungsten pin electrode mounted
inside a quartz tube (1.5 mimner diamete(fID) and 3 mmouter diamete(OD)) with a
grounded copper ring electrode (5.3 mm length, 3 mmTBg.original design is based on
the atmospheric pressure plasma jet proposed by Park and SélWiga. standard
operating conditions of the MHz jet aael4.4 MHz modulated driven frequency with a
20% on/off duty cycle (20% on time, 80% off timeDetails of how the power was
calculated for this source can be foungievious worki® 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 plasm 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 leadto a larger discrepancy betwegamrevious work where this plasma source has been

characterized.

5.2.2 Materials

100



The catalyst material used in this work is a nickel based catalyst supported on a
combination of AlOs and SiQ and is in the form of a finpowder. The weight percentage
of nickel is 65% and has a surface area of ~17/.nThis catalyst was purchased from
Sigma Aldrich. The methane used for thisrk has a purity 099.99%.The catalyst is in
the form of a powder with a particle size rangifigm 1005 0 0  Ehm catalyst
specifically used was sifted through met al
size distribution of the powder used. The exact morphology of each powder molecule is
assumed to be spherical and unchanged by the plasatenénts 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 mmiameter which is the diameter of the inner
reaction chamber of the DRIFTs reaction chamber. Tests werealehew the catalyst
material is stable under the gas flow conditions of the plasma jet and that no catalyst
materials were removed from the lpél 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 IRT®Acer
made by Shimadzu with a mercuwegdmium 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 Figukel which is made from quartz and uses ZnSe windows for the IR
beam. All gas phase measurements are done at 0:Fesulution and with 3 scanned

averaged together to allow for good time resolution investigating chahlgesptimized
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signal for the gaseadl 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 (BYR®-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/i@wport which was converted
into ceramicpiece integrating the plasma source into the reaction chamber dome as
pictured in Figure 5.1. All measurements done with the DRIFTs cell use! 4esmlution
and 20 scans averaged for each measurenidm. optimized DRIFTs signal was
approximately 10 E ls®d 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 th&PPJ 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 ishe 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 jets 0.4 [pm Ar with a 0.5% admixture of.@as and there is another gas flow
from the bottom of the high temperature reaction chamber which is 0.2 I[pm Ar with 1% of
total gas mixture CH 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 conuligj@tep 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 ¥@rr pressure for removal of any aispheric 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 argh® flows for 20 minute prior
to experiment start to remove any resicaiafrom the reaction chambérhe total volume
of the reaction chamber is approximately 8.0° @nd the total volume of the reaction
chamber where the catalyst is present is 0.45 8ince all the gas must flow through the
catalyst reaction area thesgeesidence 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 thaegas 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 wéere th
plasma treatment of the catalyst occurs and gas phase measurements which are conducted

post downstream from the DRIFTs setup
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5.3 Experimental Resultsand Discussion
5.3.1 Gas Phase Results

The first set of experimental results that were colleftieds on looking at the gas
phasanformation to determine the effectiveness of the methane reduction by plasma
catalysis and investigate what species are produced by this catalytic reéaggotfically
we look at the amount of methane which is redugeeXposing 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 ovtkers, specifically at CO, GQand HO

which are able to be carefully examined using FTIR.

APPJ 2 mm
Ni/ALO,/SiO,
plasma 3.0 W

B

500°

absorbance

500°C
no plasma

MMMMH' l g . 1h HWWW*JM#M. 1I.T'L "ll"l x
20°C no plasma T

Vi
T A . T ! T T T T T T T T T T T
3200 3000 2400 2200 1800 1700 1600 1500 1300 1200
wavenumber (cm'1)

MM[MMMM__ 1 MWMM..H kb

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 sravenumber resolution shavg the
primary complete spectrum which highlights the twos@Eaks and the CGpectrum,

the CO spectrum (x10), and theHDspectrum (x20).
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Figure5.2 shows the FTIR gas phase results from the 15 cm length gas
measurement cell connected to the outpunfthe DRIFTSs high temperature reactor
setup with the integrated plasma source for the 8 mm plasma treatment distance cas
This data shown is for 8/ at500 °C catalystemperature compared with no plasma at
room temperature. This overview shows the dme@gions we will use to calculate the
density of each of the product species from the catalysis reaction. In order to quantify
these peaks Beerodos | aw of absorbance was a
absorbance into species density for eadihede 4 species observed iglte 5.2. The
conversion from absorbance to density based is given by the equation 1.

b Qi

& —
™ o0 T2g 2 P

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 thésrsistl5 cm,

and 0 is the cross section of each individ
taken from the HITRAN FTIR data bas€ Additionally the correction factor is also

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

The first species which is critical for the discussion the catalyst reaction is
methaneThe dominant peaks shown here are from the methane gas which is added at
~1% concentration to th&r/O2 gas flow through the cell and shown in the spectrum as
two different pealspectrumsone from3160 to 2900 cmhwhich has numerous smaller
peaks to eitheside of a large central peak atwresponds to the stretching of théHC

bonds in the methane and one from 1370 to 124bwhich has a similar structure
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though is smaller in absorbance amdresponds to the bendinftbe GH bonds in the
methané?* A highlight of the higher wavenumber spaatr is shown in Figure 5.3

which is used for the calculation of the £dtensity.It is immediately clear that while the
methane spectrum absorbance is reduced, we are not converting all of the methane
present by this method and therefore careful quanttainalysis is needed to measure

the change in the amount of methane. We can visibly see the production of sewera
peaks which correspond to species which are produced by the partial oxidation reaction

of methane.

CH, APPJ 2 mm Ni/AI203/8i02
plasma 3.0 W
|l|ll|l|lll|llkll|ll||ln.‘
500°C
8
g 250°C
2
®
..llll lanLl“ Illn“
20°C
20°C
o piasma | hHLlH Il

T I .
3200 3100 3000 2900 2800
wavenumber (cm™)

Figure 5.3: Methane spectrum for 3 \d8ase, 20, 250, and 500 °C showing the individual

peaks and demonstrating how methane density is calculated.

For the calculation of the methane density 11 different individual peaks from the
peaks shown in Figure 5.3 were used to calculate densitydondily using cross

107



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 imd=TIR 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 ~2s €arrection 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

temperature 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 pgeent
shown in figure 5.4 foB mm distances, catalyst vs no catalyst5Q0 °C, and a range of
plasma powers. In gemal 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 incre&s 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 testyrersat 8 mm distances

The dfference 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 systand is shown in Figure 5.5Ve 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.
5.3.1.2CO

The first of the species is CO which is shown apectrum of peaks from 2220 to
2060 cmt in the form of two separathumps:?® The presence of this peak only occurs

due to plasma treatment at sufficiently high power mneats.
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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, 10dm 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 inthe spectrum shown in Figure 5The density was then calculated form

the average of thegpeaks.
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Figure 5.6 Carbon monoxide densitpif 500, 250, 20 °C temperatur@s8 mm

distances with catalyst and plasma only conditions
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The results of this density cailation are shown in Figure 5ar the same
conditions and Figure 5.4. From tliiata 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 pramhal 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 pathy#o occur.
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Figure 5.8 Difference between catalyst and no catalyst for CO derwityGo0, 250, 20

°C temperatureat 8 mm distances

For the difference plot between the catalyst and no catalyst cases we can see that
this shows the opposite trend frahe meéhane, as shown in Figure 5/&8s 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 atlawer tenperature but at higher temperatures all the CO species seen are
from the plasma conversion onlyis possible as well that the CO species which are
produced at lower temperatures undergo further reactions at higher temperatures
converting the CO to C{by reaction with oxygen or water vapdihe water shift

reaction shown in equation $equires 25 kJ/mol energy which is easily supplied by

the process at higher temperatures. Wasld lead taa decrease in CO and®l at

higher temperatures while segian increase in GO
5.3.1.3CQ

Another peak that clearly forms from this catalysis reaction isv@xh is
differentiated from atmospheric GOy having a nitrogen purge around the gas cell to try
and reduce the influence of the atmospherie f£@n our measurement as much as
possible. The C@is shown as a spectrum of peaks from 2380 to 230band is also
shown generally as two distinct humps within this spectrum similar to the CO
spectrum-?®We see from this data that generally the;G@ectrum increases as

temperature increases.
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Figure 59: CO; spectrum for 3 W case, 20, 250, and 500 °C shgwie individual

peaks and demonstrating how £d&nsity is calculated.

The carbon dioxide calculation was done using 40 peaks from thepg@Ctrum,
20 from each of the two distinct humps and similar to how CO was calculated. The peaks
that were used fahis calculation ee shown in detail in Figure 5.9or this calculation
it was assumed that we were able to remove most of thér@® the ambient air around
the measurement cell through appuirge though there may be some slight residual CO
signal.The signal was checked by monitoring the-@@ak area while flowing the N
gas until the C@was no longer reduced and then the background was taken for these

measurements.
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The density calculation results for €&re shown in Figure 5.18hd cover the
same treatment conditions as Figure 5.4. Fos @®see primarily the opposite trend of
the CO behavior, which is that the ambof CQ drastically increases with catalyst
temperature and that plasma power plays very little role in thegp€@@uction. The only
conditions we get any measureable-@@duced with the plasma only case is at 500 °C
with a plasma power of above 4 Wdagven here it is fairly small when compared with

the catalyst case.
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Figure 5.11:Difference between catalyst and no catalyst fop @énsity for 500, 250,

20 °C temperatures at 8 mm distances

The difference plot, shown in Figure 5.1lhetween the calyst and no catalyst
cases shows a slight increase with plasma power overall but generally seems dependent
more onthetemperature of the catalyst. With increasing catalyst temperature we see an

increased C®production when the plasma is used in conjmcivith the catalyst. It
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seems that the catalyst does not produce & @w temperature but once it is active at
high temperature it is able to efficiently use plasma produced species to convert methane

into COp.

5.3.1.4 HO

The final peaks that we @dy see in the gas phase are frogOHn the gas phase.
Again, due to the presenceaimospheri¢i-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 priorexperiment start to ensure®l 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. Thiest of these spectrums ranges from 1800 to 1400with a
small gas at the center around the 1600 oagion and corresponds to the bending of the
O-H bonds. The second spectrum is in the region from 3950 to 355@rmmn

corresponds to the stretchionfthe OH bonds.

119



H.O APPJ 2 mm Ni/ALO./SIO,
plasma 3.0 W

500°C

250°C
20°C

20°C no plasma |
: ——

T T x T 5 T 5 T ¥ T 1
1800 1750 1700 1650 1600 1550 1500 1450 1400
wavenumber (cm’’)

absorbance (x20)

Figure 5.12 H>O spectrum for 3 W case, 20, 250, and 500 °C showing the individual

peaks and demonstrating how(Hdensity is calculated.

The HO density calculation was the most difficult to perform in an accurate
manner due to the nestructured nature of the-B peaks in the FTIR range, unlike €0
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 combmnation of intensity and cross section is fairly small compared to the other
speciesneasured. As seen in Figure 5dlPthe 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 ofHand therefore the error associated with thesesity
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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 fo500, 250, 20 °C temperaturais8 mm distances with

catalyst and plasma only conditions
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The full density mesurements are shown foe® in Figure 5.13or the same
experimental onditions as shown in Figure 5kh general the water density shows an
increase with both increasing temperature and increasing plasma power. At 20 °C there is
very little difference beveen the cases with and without catalyst present suggesting that
here most of the ¥D production is from the plasma conversion. However, the amount of
H20 produced without catalyst present stays fairly constant over the range of

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

temperature.
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Figure 5.14:Difference between catalyst and no catalyst fg® idensity fo 500, 250,

20 °C temperaturest 8 mm distances

The difference plot shown in Figure 5.1ktween catalyst and no catalyst cases
looks initially to be very similar to the G@pecies. 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 temperatureedims that the plasma alone is able to
produce HO 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 IO production.
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Figure 5.15: Comparison of various densities for two plasma powerplé@mma catalyst,
plasma no catalystatalyst aloneand the sum of catalyst only and plasma only for
comparison to the plasma catalyst experimental @lataa rage of temperatures for a)

CHa, b) CO, ¢) C@, and d) HO.
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A summary of all of these plasma conditions plotted vs catalyst temperature and
compared to experiments with heating the gatabnly are shown in Figure 5.%8here
CHa, CO, CQ, and HO are showrn Figure 5.1%), b), c), and d) respectivelyor
methane reduion we can see from Figure 5.abthat the catalyst alone is the least
effective conversion at all temperatures, followed by the plasma alone, and then with
both catalyst and plasma coméihgivingthe largest reductiomndeed, 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 temperatués see that the actual methane reduction is a
factor of 1.51 leger 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 plasittzere also appears to be a clear difference in the

slope of te methane reduction with respect to temperature.

The CO density shown iRigure 5.1%) shows again a reduction in CO density
with increasing temperature, opposite the trend of thead@ HO species. However,
the dominant CO production seems to occuweleon higher plasma pow#ve see that
the plasma alone case for the 5 W case is higher than the plasma and catalyst case for 3
W power dissipationfor catalyst alone without plasma present there is clearly no CO
produced at any temperature at or bel®® 5C.Thereforewithout the plasma it seems
that all of the catalyst behavior in this temperature range facilitates the productiona of CO
and BHO over CO.The sum of the catalyst only and plasma only cases is directly
overlapping with the plasma only eaand clearly demonstrates the increased CO
production behavior of the plasma catalyst systemveite 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 andatgst effects along, though this falls off to a 1.07 at 500

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

Figure 515 c) shows in detail the C(eak signal seen for all experimental cases.
Here we see the very sharpigreasing 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 C@across tk plasma power and distance conditishewn hereThe sum
of the catalyst only and plasma only cases fop @@duction is only very slightly lower
than the experimental plasma catalyst cake.amount of synergy of G@roduction
shows a 1.42 factor inease at 20 °C, a 1.13 increase at 250 °C, and a 1.30 factor

increase at 500 °C.

Figure 515d) shows the ED 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 KO signal with the addition of the plasma treatment at this temperature.
There is still a clear enhancement eftHspecies produced as well for the plasma csttaly
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
temperatureslhe factor of this enhancement is approximatelyll/over the
tempeatures investigated heréhis 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 lhe catalyst significantly here.
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Figure 5.16:Comparison of variosidensities for two plasma distances for catalyst and
no catalyst, and catalyst alone over a range of temperatures fou,d))@3D, c) CQ,

and d) HO.

Figure 5.16 highlights the difference between the 2 mm 3 W plasma case and the
8 mm 5 W plasma casd=or 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 pauced 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. Howetas is not completely consistent for the

H20 spectrum, and ovall 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 wpreformedusing the same plasma setup and same
experimental conditions with tH2RIFTs 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
donein situwith a time resolutin of approximately one minute and therefore we can
monitor changes to themgace as they occur. Figure 5.4flows an example DRIFTs
spectrum takem situshowing the surface prior to heating, after heating to 500 °C,
during plasma treatment at this temgiare, 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 surfaag the light is scatterethd absorption of the IR light as it
travels through the environment of the high temperature déheepeaks that are in the
negative direction of absorbance indicate that there is a loss of the species that was
previously causinghe IR light to be absorbed in that wavelength ralige can see from
this experiment that the C@eak and the two narrow Gldeaks are from IR light
absorbed in the gas phase. However there are several other interesting permanent
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changes to the catalystirface that occur and are stable after the plasma treatment has

stopped and the local gas removed from the catalyst.

DRIFTs 8 mm Ni/ALO,/SiO,
plasma 3.0 W
A AnA Pt

CH
500°C post H

plasma O-H
no CH, d

N, purge

500°C
plasma

500°C | ANy :
heat only : / : IR b :
; R i -

absorbance

20°C no plasma
4000 3500 3000 2500 2000 1500 1000
wavenumber (cm™)

Figure 5.17 In situDRIFTs at 8 mm distance with heating only to 500 °C, plasma
treatment of 3 watts at 500 °C taken with 4’ovavenumber resolution with plasma on

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

The CH, peaks seen here are from the gas phase and correspond to the same
peaks seen from the previous spectirfigure 5.2 just wth a muchsmaller magnitude
due to the significantly smaller path length of the IR beam in the DRIFTS bellCQ
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 occurimgg sve know from the previous data
that CQ production is maximized at increased temperatures and we see it strongest for
the 500 °C plasma case. However, it is possible that thigsC@me residual

atmospheric C&®as well since the DRIFTs beam doewétao the normal IR MCT
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detector which cannot be 100% sealed from the ambient environment despite nitrogen
flow to fill the DRIFTs unit surrounding the high temperature reaction cell. These are the
transient peaks which disappear from the measurementradtaitrogen 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 OH peak regions at ~3400 ¢m1650 cmt, 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 periodsiofe 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 plasreattnent. 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 catalysise such paper investigating using
DRIFTs to investigate a Ni/Tifcatalyst saw only a 26% reduction in OH groups by

heating to 423 K2°

The other peak that appears to show up due to heating only and be stable on the
surface is a peak at ~995 €mwhich is markd asnumber 3 peak ini§ure 5.17and 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 tleaygen from the environment and from the catalyst
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support materials SiCand AbOs. NiO studied in the form of nanoparticles has shown a
significant and fairly broad peak form around 1040%amhich could be this peak just
shifted due to the nature of tparticles in questiof?® This same peak was seen in
previous work on Ni catalysis and described as a broad peak fro®683tm* but was

left unassigned ae authors were unsure of the exact species respotiSiblere

evidence for the NiO is that the peak forms around 3090@ C which is

approximately the temperature at which Ni will oxidize with some oxygen present in the
ambient airt?’ The other possibilities for this peak assignment seems to be a low end of
the alkoxy GO bonding which is typically from 1050150 cm' which is what would
appearfrom 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 9851000 cm*.128

Plasma treatment alone appears to cause the appearanCOqgieak 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 trditmms 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 araklsignificantly more absorption than the

CHs and CQ peaks as compared to the gas phase data.

The final peaks that displays an interesting behavior is the peak at 1390 cm
which is marked on figure 57y the number 1. This peak is located in betwibertwo
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 treatmentkidVhile
region is difficult to determine exactly what peak this is, it seems that one likely
possibility is a CO-O based species. Based on the literature G Carboxylate groups

can form in conjunction with metal ions and one of the strong peaks tlneatrescteristic

of COO in the IR range is at 1586 ¢ii?® Indeed, other work that investigates plasma
catalyst interactions through DRIFTs have seen this sankegpgaar 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 decompostiéit3? However, as there is

still some ukertainty here, this peak will be referred to by its wavdmemfor 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 flomsitu DRIFTs of CO peak over 13

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 temperaturéhe behavior of four of these critical peaks which
have been shown to be surface changes on thgstedaé desdoed in more detail
starting in Figure 5.18) for various plasma condition$he first of these and probably
the most interesting is the CO peak at 2190 amd the behavior fahis peak is shown
in Figure 5.18For this peak we see thatta¢ 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 pow&BdV 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 C@ugatmn 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 tinyegsting the removal of CO by
going to higher temperatures and plasma powees iathas 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 csttalyrface do we see remowdl

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 florsitu DRIFTs of COO peak over 2

to 8 mm and 1.5 to 3.0 W @aa conditions

The other peak that behaves in a similar manniei€OO0 peakat 1590 crrt
andthe raw spectrum of this peak for 2 mm 3 W plasma conditions over various
temperaturess shown in kgure 5.19). The extracted data over all distances powers
is shown in Figure 5.19 bJhis peakinitially 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 ab@02TD 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 tbasedr

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 fono plasma, 2 mm 3 W case, 20, 250, and 500 °C
showing the peak evolution b) extracted data flomsitu 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 thél@eaks and the potential NiO peak. The
behavior of the eH peakat 1450 crit raw spectrum for 2 mm 3 W plasma conditi@s
shownin Figure 5.20a) and behaves similarly to the othetHOpeaksThe extracted
behavior of this peak over plasma distance and power is shown in Figure 3r20 b).
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 theHDpeak as well.
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Figure 5.21:a) NiO spectrum fono plasma, 2 mm 3 W case, 20, 250, and 500 °C
showing the peak evolution b) extracted data florsitu 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¢naw spectrum for 2 mm 3 W case is
overvarious temperatures is shown in Figure 21 a). The behavior of thispeak
almost the exact opposite behavior of @l peak and shoswan increasing signal with
increasing temperatuend is shown in Figure 5.21) 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 §¥ygeuld also likely
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oxidize the nickel so for strong enough plasma treatment this would increase the amount

of oxidized nickel.

Figure 5.22 In situDRIFTs peak absorbance of a) COubknown peak at 1590 ¢

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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