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Abstract

Experimental Beam Studies of Plasma-generated Spesilnteraction
with Polymeric Materials and Biomolecules

by
Ting-Ying Chung
Doctor of Philosophy in Chemical Engineering
University of California, Berkeley

Professor David B. Graves, Chair

Low temperature plasma-based processes are usexhseey in many modern
technologies. It is thus very important to underdtplasma and surface interactions in order to
improve plasma processes and design of functiorsémals. Applying a high vacuum beam
system, this dissertation studies the fundamentathanisms of plasma species-induced
modification of materials for two critical applidahs: manufacturing of semiconductor devices
and surface deactivation of infectious biomolecules

Manufacturing of integrated circuits relies on wadintrolled film patterning technology.
This is currently achieved by photolithography deled with plasma etch. While critical
dimension control is acknowledged to be a majorllehge for future miniaturization of
transistors and other functionalities, degradatiod roughening of methacrylate-based 193 nm
photoresist (PR) during plasma etch processestrasyjoor pattern transfer and decreased
device performance. The first part of this disdertaaddresses the effects of ion bombardment,
vacuum ultraviolet (VUV) irradiation, electron exqaoe, and moderate substrate heating in 193
nm PR surface roughening.

150 eV Ar ion bombardment results in physical gririg and formation of a carbon-rich
layer at the PR surface. The thickness of thisaserfayer is about 2 nm. This ion-modified layer
is expected to bear an intrinsic compressive stresghly a few GPa. In contrast, 147 nm VUV
irradiation and 1 keV electron exposure both modifg PR film up to the penetration depth,
~100 nm. Enhanced PR surface roughening is onlyreéddenvhen a simultaneous exposure
provides a combination of an ion-modified surfaager on top of a scissioned/softened bulk
layer, either resulting from VUV irradiation or lofluence electron (< 1 mém) exposure. 2-
methyl-2-adamantyl methacrylate, the leaving groid93 nm PR, is especially sensitive to
VUV exposure. The adamantyl leaving group is shtavbe one of the main photolysis products.
The loss and detachment of bulky adamantyl grougs héghly correlated to the surface
roughening of processed PR. These phenomena cajudigatively explained by a bi-layer
wrinkling mechanism. The results demonstrate tHat dfructure can couple to plasma etch
processes and strongly alter the post-etch morglgolo



The second part of this dissertation is motivatgdthe insufficiency of conventional
sterilization methods against bacterial and proteisidues. Such residues on the surface of
medical instruments increase the risk of healtheasmciated infections for patients. Low
temperature plasmas are promising alternativeligiion/deactivation methods. A thorough
understanding of plasma and biological target adgons is required to align applications with
scientific principles. Lipid A, the immune-stimuiag region of lipopolysaccharide, is chosen to
be the model molecule. Using a surface-sensitiveamwhole blood-based assay, the present
study shows that VUV photons, oxygen and deuteriadicals can cause deactivation of lipid A
film through different mechanisms. Similar to 19681 PR studies, VUV photons are able to
induce bulk modification of lipid A film up to thpenetration depth of photons, ~200 nm. VUV
photons primarily cleave ester linkages and leadiéeorption of aliphatic chains. Loss of
phosphate groups and the glucosamine backbonsdsobkerved. In contrast, radicals react at
the lipid A film surface, form volatile productsne lead to slow chemical etching. The etch
yield of radicals is one order of magnitude lowmaurt that caused by VUV-induced photolysis.
In spite of its low etch yield, radical exposureoagly modifies lipid A film surface. This work
contributes to the fundamental understanding obmka interaction with biomolecules. The
principle of this study is also relevant to thedwuer scope of plasma applications on biological
targets, including cells and tissues, in the rgpgibwing field of plasma medicine.
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Chapter 1
Introduction

1.1 Plasma-surface Interactions

Low temperature plasmas are used extensively inymasdern technologies, including
etching, plasma-enhanced chemical vapor depositiod, surface treatment, to name a few.
Because of the wide applications, it is extremetportant to understand plasma and surface
interactions in order to improve plasma processesdasign of functional materials.

The plasma addressed in this dissertation is aatrielglly driven, weakly ionized
discharge.[1] The applied power is used to pretaliy energize mobile electrons. Electrons
bearing enough energy can ionize or dissociatenpam®lecules to create ions, radicals, and
excited species. These excited states can retutower energy states by emitting photons.
Plasmas can thus emit photons with various wavétsngdetermined by the plasma gas
chemistry. The energetic electrons are heated lioalveve room temperature {+¥1-10 eV) and
are not in thermal equilibrium with the ions, rads; or background gases. Those heavy species
exchange energy more efficiently through collisiam&l thus remain at near room temperature.
The degree of ionization in a plasma is defined as

n

Xe =0 (1.1)
g i

whereny is the neutral gas density ands the ion number density, is much less than 1 for a
weakly ionized plasma.

A plasma is quasi-neutral, namely~ ne (Ne is the electron number density), except at the
plasma-surface interfaces in what is known as #ghedth”. Within the sheath, mobile electrons
are rapidly lost to the walls initially and a netsjtive charge density is built up. This leads to a
positive potential profiled®) within the plasma bulk that drops rapidly to zeemar walls. The
sheath acts as a potential barrier to reflect mlasttraveling to the walls back to the plasma bulk
On the other hand, ions accelerate through thetlslaaa impact the surface with the acquired
energy. The ion energy can be further controlledabyapplied bias on the surface. Lastly,
neutral species such as radicals diffuse towarelstinface. The unique processing capability of



plasmas comes from these energetic and reactiveiespewhich impact the material
simultaneously.

This dissertation will address two applicationsl@iv temperature plasmas. The first
focus is the roughening of 193 nm photoresist nedtém plasma etch processes, one of the
issues challenging the semiconductor industry tthéw scale down the size of devices. The
second focus is plasma deactivation of virulentmmtecules for infection control in healthcare
facilities.

1.2 The Manufacturing of Integrated Circuits

In the past 50 years, the semiconductor industrg hehieved a rapid pace of
improvement. The continuous scaling of transisipe $ias followed Moore’s law, named after
Intel’'s co-founder Gordon E. Moore’s observatione thumber of transistors on a chip will
double approximately every two years.[2] Last ygdrll), Intel announced its new generation
of 22 nm 3-D Tri-Gate transistor technology, whistthe first 22 nm node technology entering
high volume manufacturing. It is also the first éinm history that the silicon channel of a
transistor is raised to the third dimension. Thee gdectrode is wrapped around the channel to
provide a better control and lead to a steep stdshiold slope that reduces leakage current and
threshold voltage. The minimum feature size charfgas the gate width to the channel fin
width, ~8 nm.[3] More importantly, the miniaturizat of transistors and other functionalities
achieves higher performance with a lower cost paction and lower power consumption per
transistor. This enables broader applications,ugliolg high-end servers for cloud computing,
personal desktops, laptops, tablets, and mobiledev

Manufacturing of integrated circuits relies on wadintrolled film patterning technology.

This is currently achieved by photolithography daed with plasma etch. A summary is
illustrated in Figure 1.1. For example, to makeaemnc¢h into a dielectric film, a thin layer of
organic photoresist (PR) is coated on the film. iR&h is projected through a mask and
changes the chemical structure of exposed PR. [Edpa®as are chemically altered by radiation
and then developed by an aqueous base solutioclowkod development, anisotropic etching is
carried out with plasma processing. During plagteh, the pristine PR polymer acts as a mask
to protect the material underneath. Different ghenustries have to be carefully chosen to
obtain a desired selectivity of film over PR. Flgalthe remaining PR is removed.
Photolithography and plasma etch are indispenssbjes in device manufacturing because they
are required for every mask level.



(@) (b) (©)

Mask

photoresist

Dielectric material [EE=ES Dielectric material —_ Dielectric material
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Figure 1.1 Pattern transfer using photolithography and plastech. (a) Coating of photoresist. (b) Light

exposure through a mask. (c) Photoresist developri@nAnisotropic etching using plasma processiie].
Removal of photoresist. (f) A trench patterned it dielectric film.

1.2.1 Photolithography

Key advancements in photolithography, mainly tlyltlisource and PR materials, have
allowed the semiconductor industry to fabricateices now approaching the few nanometers
scale. Currently, 193 nm immersion lithography d@®8 nm PR are the work horses for the
industry.

The following scaling equation describes the resmhuof an optical projection imaging
system, where there is a 4:1 or 5:1 optical redactf the mask features to imaging feature
sizes:[4]

V. M
W I(1sir16? a nsiné a NA (1.2
whereW is the resolution given in the size of a featura balf pitch/ is the wavelength of light
in the medium of concer#d,is the aperture anglk, is a proportional constant ranging from 0.25
to 1, depending on overall process capabilityis the wavelength of light in vacuum,is the
refractive index of the medium between the lasinelet of the imaging lens and the surface of
the PR, andNA is the numerical aperture of the imaging lens.

3



From the aspect of optical imaging, one can eitterease the wavelength of incident
light or increase the numerical aperture to achiavemaller feature size. The reduction of
exposure wavelength was accomplished by changmgjght source from the mercury arc lamp
(for 436 nm g-line and 365 nm i-line), the KrF exerr laser (for 248 nm), to the current 193 nm
ArF excimer laser.[5] The attempted transition &/ Inm F excimer laser failed due to the
stringent optical requirement for a Gaprojection lens. On the other hand, liquid immansi
lithography by applying a high refractive index med, such as ultrapure water (refractive
index = 1.436 at 193 nm) between the last lens eferand the PR surface, reduces the effective
wavelength to 193/1.436 ~134 nm in ultrapure wdatggure 1.2 illustrates the schematic of an
immersion projection system.

Mask

Medium with index n

Photoresist

Figure 1.2 Schematic of an immersion projection system.

Furthermore, compared to a dry system (refractidex of air = 1), an immersion system
also improves the depth of focus (DOF), anotheurégof merit of photolithography. The DOF
scaling equation is given here:[4]

DOF = k,— 2 —, o

Sinz[ej °* NHA? (1.3)

2

whereNHA is the numerical half aperturesin@/2) andks is the DOF scaling coefficient. An
increase of the refractive index of the medium atgpeases the DOF of an immersion system
over a dry system.

Along with the change of exposure wavelength, aomajaterial development has been
made in PRs. PR materials must fulfill stringenjuieements, such as high sensitivity, high
transparency (low absorption) at exposure wavelenghd good resistance to plasma etch
processes. A transition of exposure wavelengthnofequires a transition in PR chemical
structure, from diazonaphthoquinone (DNQ)-based f@Rg-line/i-line, polystyrene-based PRs
for 248 nm to methacrylate-based PRs for curreBtrir exposure. [6]
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The chemical amplification mechanism has been tetad foundation and implemented
in both 248 and 193 nm PRs to increase their seitgitChemical amplification is accomplished
by employing the photoacid generator (PAG), such @sphenyl sulfonium
perfluorobutylsulfonate, which produces strong aaighon irradiation that promote catalytic or
chain reaction. Details of chemical amplificatioancbe found in several review articles and
book sections.[6, 7] One of the main chemical afiggliion mechanisms is deprotection of acid-
labile protecting groups by photogenerated acitiss €reates base-soluble acidic functionalities
such as phenols and carboxylic acids and incraasesolubility of polymer in an aqueous base
developer. 2-methyl-2-adamantyl methacrylate isomrmonly used leaving group in 193 nm
PR.[8] Its chemical structure and deprotection rae@dm are shown in Figure 1.3. Upon light
irradiation, photogenerated acids cleave the adsiingroup, generating an exocyclic double
bond on this pendant group and changing the eastagde to a carboxylic group. The exposed
area can then be removed by an aqueous base dewvelop

HZ |
¢ T X CHy
R H |
c—o +
c —C
| H + %

o  — l:o + +  H*

OH

Figure 1.3Deprotection mechanism of 2-methyl-2-adamantyl metyiate by photogenerated acids.

Currently, 193 nm immersion lithography and 193 RR are used in high volume
manufacturing to fabricate state-of-the-art deviokfter development, 193 nm PR acts as a
mask material in the following plasma etch stegwudl its interaction with plasmas is of critical
importance to realize future generations of devices

1.2.2 Plasma Etch

Plasma etch has been an indispensable procesegfated circuit fabrication since early
1970s because of its ability to provide anisotrogich profile with desired selectivity and
uniformity.[1, 9] Applications of new materials ameew device architecture (ie. non-planar
transistor) along with the continuous scaling ofide dimensions all challenge plasma etch
processes.

Roughening of PR can be introduced in lithogragleps and during plasma etch.[10-15]
PR degradation during plasma etch can lead to siflestriations, collapse of line features,
surface roughness and line width roughness (LW&j}ha scanning electron microscopy (SEM)
images shown in Figure 1.4. LWR is defined as thatandard deviation of the pattern width. It
is noted that even without complex plasma chemistigrt gas plasmas, such as Ar, can cause
high levels of PR roughening (Figure 1.4c).[15]
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As ash As etch

Side view

Figure 1.4 (a) Collapse of photoresist after IEHF/O,/Ar hardmask etch, side view and tilt view.[11] (b)
Via-hole top view after etching, top view after ag)) and side view after etching. The etch chemistas
Ar/C,4Fs/O,/CO.[13] (c) Photoresist surface roughness on patteefore and after pure Ar plasma etch.[15]

Furthermore, PR roughening is known to transfeunderlying layers during plasma
etch.[12, 16] Figure 1.5 shows the AFM image oftgraed 248 nm PR stack sidewall after
plasma etch. The etch chemistry wagH for anti-reflective coating and GEEHF; for SiO,.
After plasma etch, the sidewall roughness of the IBf®r propagates to the underlying
multilayer stack, forming excessive striations. sThiirectly impacts the pattern profiles and
results in variation in critical dimension (CD) ¢ooi and decreased device performance, such as
effects on both the off-state leakage and the dciweent.[17] According to the International
Technology Roadmap for Semiconductors (ITRS), b62@he physical gate length will be 15.3
nm and gate length controldBmust be within 1.84 nm.[18] CD control is ackneddjed to be a
major challenge for future integrated circuit maat@iring. Current goals of the semiconductor
industry are to reduce roughness developed duerige patterning to less than 2 nno)3

PR
ARC
. T am
SiO,
10.8
Si 06
}o.4

0.2

Figure 1.5Sidewall roughness propagation on 248 nm PR afésngma etch. Adapted from reference [12].



Compared to previous 248 nm PR, methacrylate-bd98dnm PR suffers from low
plasma etch resistance, more severe degradatiora dngher tendency to roughen, which is
generally attributed to its high oxygen content][¥¢hile the problem becomes more and more
important because of the shrinkage of device diimess the underlying mechanism is poorly
understood. The first part of this dissertationl @itcuss the surface roughening of 193 nm PR
and provide a scientific principle to qualitativeyplain this phenomenon.

1.3 Surface Sterilization/Deactivation by Low TemperatBlasmas

Healthcare-associated infections (HAIs) are majballenges to patient safety and
impose significant burdens on the healthcare syséhile receiving medical treatment, patients
obtain HAIls that lead to extended hospital stayd arcreased medical costs, and are a
significant cause of morbidity and mortality. In ASt was estimated that a total of 1.7 million
cases of HAIs occurred (4.5 per 100 admissiong), almost 99,000 deaths resulted from or
were associated with HAIs in 2002.[20] Similar pance was also reported in Europe.[21]
Moreover, HAI is the sixth leading cause of death the total population in USA.[22] The
overall annual direct medical costs of HAIs to USitals is estimated to range from $28.4 to
$33.8 bhillion, adjusted to 2007 dollars.[23] Risictors of HAIls include contamination on the
hands of healthcare workers, the medical equipmemd, the environmental surfaces within
healthcare facilities.[24, 25]

In USA, millions of surgical procedures are perfedreach year, involving contact of
patients’ sterile tissues and mucous membranes nvétical instruments. Proper removal of
infectious organisms and/or biomoleculés essential to prevent infections and disease
transmission. Medical device reprocessing proceduveguire cleaning before disinfection or
sterilization. Disinfection refers to reducing iofeg vegetative bacteria to a very low level but
not necessarily killing all bacterial spores. Or tither hand, sterilization includes eliminating
bacterial spores. Cleaning is normally accomplistmashually or mechanically using water with
detergents or enzymatic products to remove vissoi¢ (e.g. organic and inorganic material).
High-level disinfection is the minimal requireméat semi-critical items in contact with mucous
membranes or non-intact skin, such as some endescdipis conducted by using chemical
disinfectants such as hydrogen peroxide and gldietgide. For critical items that are in contact
with sterile tissues or the vascular system, &atibn is of crucial importance. It is typically
achieved by steam sterilization for heat-resisitems; for heat-sensitive items, low temperature
processes are required, such as ethylene oxideracgtic acid.[24] Improper reprocessing of
reusable medical devices can result in harmful egunences. Several recent outbreaks of HAIs
are directly related to contaminated endoscopes samdical instruments.[26-29] Moreover,
studies have shown protein and bacterial residoeggrocessed, ready-for-use instruments.[30-
33] Baxter et al. found that there was no significaorrelation between overall instrument
complexity and protein soiling, which would compriem the effectiveness of sterilization
processes. The protein contamination also incretgepotential risks of medical care related
transmission of Creutzfeldt-Jacob diseases (CJD)ih@ other hand, the concern of bacterial
residues is primarily related to bacterial pyrogens example, lipopolysaccharide (LPS, also
known as an endotoxin). LPS is the major compooérttie outer membrane of Gram-negative
bacteria. The presence of LPS in host blood citimrlacould result in a generalized sepsis
syndrome including fever, hypotension, respiratdygfunction and may lead to multiple organ
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failure and death.[34] The dilemma emerges: inteicenodern instruments are often heat
sensitive and difficult to clean, while bacterialdetoxins and prion proteins are particularly
resistant to conventional sterilization procedyi8ss.36]

Low temperature plasmas appear to provide attmctigtions for sterilization and
deactivation of virulent biomolecules. The advaerga@f plasma processes over conventional
procedures are: first, the plasma discharge is taiaed at an ambient or moderate temperature,
which is ideal for heat-sensitive instruments; sel;dhe plasma discharge can be sustained from
pure or mixtures of nontoxic gases, such as argeygen, and hydrogen, which are relatively
safe both to the environment and personnel. Momrede effects of plasmas on bacterial spores,
proteins, and bacterial endotoxins have been deimaded.[37-39] Figure 1.6 shows the SEM
images ofBacillus subtilisspores before and after 15 min of plasma expo$d@3<., plasma
caused some etching and reduction of the sporgBigere 1.6b). @CF, plasma caused strong
etching and reached more than a 5 log reducti@paifes (Figure 1.6c).

(a) Untreated (b) O , plasma (c) O ,/CF, plasma

BBESS 15KV

Figure 1.6 SEM images oBacillus subtilisspores (a) untreated (b) after 15 min gf glasma exposure (c)
after 15 min of @CF, plasma exposure. Adapted from reference [40].

Furthermore, it is often found that plasma condgichave to be optimized towards
different biological targets. For example, plasneaigrated UV photon flux must be optimized in
order to reduce surface-resident bacterial spoteleast 4 orders of magnitude. Under the
condition where layers or stacks of spores are eptesplasma-generated UV must be
accompanied with energetic ions and reactive radgpecies impacting the surface
simultaneously to achieve high etch rates. Hydrggenoxide plasma-incorporated sterilization
was patented in 1987 and marketed in the US in I®93Studies have shown that in the
commercial STERRAD system, the sporicidal effect is due to hydrogeropide vapor, and the
plasma phase is used to decompose toxic residlipst[das been suggested to designate these
processes as “plasma-assisted”.[42] Nevertheless, widely accepted that plasma-generated
energetic and reactive species are responsibleplisma-induced sterilization/deactivation;
however, how these species act alone or synemgigtion biomolecules is not completely
understood. We chose lipid Aé&lmonella minnesot®e 595 mutant), the primary immune-
stimulating region of LPS, as our model biomoledolstudy the mechanism of plasma-induced
structural modification and bioactivity alteratiofhe principles in this study are also relevant to
all applications of atmospheric pressure plasmalidtogical systems in the rapidly growing
field of plasma medicine, including sterilizatidherapeutic effects for wound healing, treatment
for skin diseases and cancers.[43-49].



1.4 Beam System Approach

In spite of its technological importance, studypigsma-surface interactions in a plasma
chamber is often difficult. As shown in Figure 1.7a addition to the charged and excited
species generated in a plasma, reaction productsexame part of the discharge and change the
plasma chemistry. These products may form new epeand consequently react with the
substrate as ions or radicals. Furthermore, iftendifficult to independently control the various
species generated in a plasma, making interprataiforesults very challenging. To study
individual species effect in a plasma reactor, msiskctures are usually involved to select
species impacting the samples. For example, opticadows with different cut-off wavelengths
can filter photons with different energies.[50, Bddicals can diffuse into the gap between the
mask structures and react with samples.[52] Inbljtathese techniques decrease the species
flux and require extra efforts to estimate the fafxnterest impacting the samples. Furthermore,
studies of pure ion effect have not yet been aduen plasma reactors.

@ (b)

N E—

Ar plasma

lon

Reaction
Gas in  lons hv € Products Gas out

Reaction
l l Products

Figure 1.7 (a) Plasma species impact the sample in a plasaetore Reaction products can become part of the
plasma discharge. Characterization of plasma-saiifgeractions is inherently difficult. (b) Beamusoes in a
vacuum beam system allow for studies being conduota well-controlled environment.

e

Reaction
Products

In contrast, a vacuum beam system, illustratedgare 1.7b, can be equipped with well-
characterized and independently controlled beancssult thus provides the ability to decouple
the effects of various species in a well-controlesdzironment. Species flux can be directly
characterized at the sample position. Differentreesi can be used separately to study their
individual effects on the material of interest. Tdwmbination of sources can further be used to
mimic relevant plasma conditions.

Various studies have shown the ability of a vaclagam system to provide valuable
insights into plasma-material interactions. Cobanmd Winters demonstrated that Si etch rate
with simultaneous 450 eV Ar ions and Xeafolecules is about 8 times higher than the sum of
the etch rate for individual species.[53] Kota lef@und the increased etch selectivity of Wi
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over poly-Si under the presence of oxygen ionsdmdrine atoms.[54] Greer et al. studied the
effects of Ar ions, neutral deuterium and fluorirtenas on the etch yield of i-line and g-line
PRs.[55] They showed that the etch yield transgérirom physical sputtering to chemical
sputtering with an increase of F/Aftux ratio. Chang et al. characterized $i&ch under high-
density chlorine plasma conditions. They found t#tamic chlorine enhanced the etch yield of
Ar ion by a factor of 3-4.[56]

The drawbacks of a vacuum beam system includeitheutties of generating/including
all plasma species and low species flux compared ptasma reactor. One has to pay extra
attention to choose representative species, cottteotatio of various species or match the total
fluence of species to a plasma experiment. Fund&iglasma-surface interactions can thus be
studied by carefully compared the results obtaifnech a vacuum beam system and a plasma
reactor.

1.5 Dissertation Outline

The goal of this dissertation work is to understahd fundamental mechanisms of
plasma-generated species interaction with orgarétenals and resulting modifications. A
vacuum beam system is used to study the effeqgitasia species in relevant plasma conditions.
Chapter 2 will provide details of the vacuum beaysteam, the operation principles and
diagnostics of various beam sources used in thidystChapter 3 will address the materials,
analysis tools and characterization assays. Tise fiacus, roughening of 193 nm PR will be
presented in Chapter 4 and 5. Chapter 4 will fasughe individual effect of ions, VUV photons
and electrons, and their combination in 193 nm &Rjinening. Chapter 5 will be devoted to 193
nm PR-associated homopolymers. The critical rol2-ofethyl-2-adamantyl leaving group in PR
surface roughening will be demonstrated and ayarlavrinkling mechanism will be discussed.
The second focus, plasma deactivation of viruleamblecules will be conveyed in Chapter 6.
The chemical modification and decreased endotogiwity of lipid A after VUV photon,
oxygen radical, and deuterium radical processdeipresented.

10



Chapter 2

The Vacuum Beam System and Source
Diagnostics

2.1 Abstract

This chapter will introduce the vacuum beam systemd in this study. Various beam
sources, including an ion gun, a VUV lamp sourceekectron gun, and a radical source were
mounted on the beam system to study fundamentainalanaterial interactions. The operation
principle and characterization of these beam ssuved also be presented in the following
sections.

2.2 The Vacuum Beam System

The vacuum beam system was designed to study meoiganof plasma-surface
interactions by formal graduate student Yoshie Kemuand modified and used by formal
graduate student Dustin Nest. The schematic ofyseem is shown in Figure 2.1. The flanges
are numbered following Yoshie Kimura’'s notation.t&Ms along with additional capability
beyond the studies presented here can be foure idissertations of Yoshie Kimura and Dustin
Nest. [57, 58]

A base pressure of 1.5x10orr was maintained with a 2000 1*-surbo pump (STP-
H2000C, SEIKO SEIKI), backed by a mechanical ronghpump. The main chamber pressure
was monitored with an ion gauge (MDC Vacuum Prosluddayward, CA, USA). A
magnetically-coupled load-lock transfer arm (TransEngineering and Manufacturing, Inc.,
Fremont, CA, USA) was designed to load samplesawitibreaking the vacuum of the main
chamber. The transfer arm was pumped down withGaL3§" turbo pump (TV 301 Navigator,
Varian, Inc., now Agilent Technologies, Santa Cl&4, USA), backed by a second mechanical
roughing pump. The pressure of the transfer armmblea was monitored with a second ion
gauge (MDC Vacuum Products).

A 1.5 cm x 2 cm piece of Si-wafer sample was atdcto a copper block by thermal
paste and secured to the sample holder. The sdmfaer could be translated into the chamber
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through the transfer arm system and set on a ookt dock. With the aid of the
rotational/translational sample dock, samples ccuwddrotated to face the beam source, or
translated out of the chamber center to allow faaracterization of different beam sources. An
external water bath was connected to the dock tatrao the sample temperature. The
temperature of the underside of the copper block manitored with a thermocouple (type K,
OMEGA Engineering, Inc., Stamford, CT, USA).

(a) (b)

Figure 2.1 (a) Side view of the main chamber (b) cross sectiew of the main chamber at plane A labeled in
(a). Dimensions of each flange can be found irdiksertation of Yoshi Kimura.[57]

2.3 lon Source

A Kaufman-type ion gun (1 cm ion source, Commontte&icientific Corporation) was
used in this study to generate 150 eV Ar ions. ibhegun was mounted on flange 6. Ar gas was
fed into the discharge chamber of the ion gunjngithe main chamber base pressure to about
1x10* Torr. The cathode was a three-turn filament made.@L3 cm diameter tungsten wire,
which had to be replaced regularly to maintaindyeaperation. A discharge between the anode
and the cathode generated positive ions which thereeffective anode potential (150 V). The
discharge voltage was set to 40 V to minimize ttoglpction of doubly charged ions. lons were
extracted from the discharge chamber by the negstibiased accelerator grid through the
screen grid. When the ion beam was directed to laatrigally insulated sample, such as
polymers, an external neutralizer made of 0.025d@meter tungsten wire was used at ~ -5 V
with ~6 A of current. The neutralizer provided I@nergy electrons and thus prevented sample
charging.
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All ion beam experiments were conducted at norm@tience to the sample surface as in
typical plasma conditions. The ion current at thmpgle position was measured with a Faraday
cup (aperture size ~4.55x1@n?) mounted on flange 10 and connected to a picoasmmet
(Keithley Instruments, Inc., Cleveland, OH, USA. this study, an ion current of 2.8%40
ions-cn-s* (+10%) was used and a 1 h exposure resulted iorefluence of 1.0x1% ions-cnf
(£10%).

2.4 Vacuum Ultraviolet Photon Source

A high intensity 147 nm VUV emission line was geated with a closed-volume Xe
lamp source (Resonance Ltd., Barrie, ON, Canadathd photoresist studies, the VUV source
was mounted on flange 2; in the lipid A deactivatgiudy, the VUV source was mounted on
flange 6. The lamp assembly has an internal RRextm power the Xe discharge and is sealed
with a Mgk, window (cut-off wavelength).. = 112 nm). Because of fixed gas chemistry, gas
pressure, and input power, the photon emission ftieenlamp source is unchangeable. The
photon flux at the sample position can only be stéd by changing the working distance.

With the VUV source mounted on flange 2, absolakbcation of the VUV photon flux

was conducted by a NIST-calibrated Csl diode (Rasoa Ltd.). At a working distance of 4.4
cm, the photon flux was 1.9x¥Dphotons-cii-s. Thus, the photon flux irradiating on the
sample surface was ~1.34%{@hotons-cr-s?, corrected by an incidence angle of 45° to the
surface normal. VUV spectra were obtained by a \Wpeéctrometer (Resonance Ltd.) mounted
on flange 12 to monitor the stability of the soyrae shown in Figure 2.2. Detailed description
of photon flux characterization and the use of VWgectrometer can be found in the
dissertations of Dustin Nest and Monica Titus. [58],
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Figure 2.2VUV spectrum obtained from the Resonance Ltd. Xe@® It shows a nearly monotonic emission
line at 147 nm.
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2.5 Electron Source

A uniform flood beam of electrons was generatedh\ait electron gun (EFG-7, Kimball
Physics, Wilton, NH, USA) mounted on flange 9. EBbectron beam is produced and controlled
by the following elements: triode, focus, and deften. The triode is composed of three
elements in the following sequence: cathode, gaill grounded anode. The cathode is a
thermionic emitter, consisting of a tantalum diseumted on a hairpin filament wire. The disc
emits electrons when the filament wire is heatedhgyvoltage source. The electrons are then
accelerated to full kinetic energy by the triodefsctric field. The divergence of the beam can be
controlled by the focusing lens. The position c¢ tteam can be adjusted by the cylindrical 4-
pole deflector.

In this study, a 1 keV electron beam was used.€léeron current at the sample position
was measured with a home-built Faraday cup (amesize ~19.6x1tcnf) mounted on flange
7 and connected to a picoammeter (Keithley Instnigjdnc.). For electron-only experiments,
electrons impacted the surface with an incidenteanfj40° with respect to surface normal. For
experiments with other beam sources, the incidegiieavas 57° to surface normal.

2.6 Radical Source

Oxygen and deuterium radicals were generated bgranal gas cracker (TC-50, Oxford
Applied Research, Witney, Oxfordshire, UK). In tijgd A deactivation study, the source was
mounted on flange 2. There are plasma-based rashcates available, which provide a higher
radical flux. However, those sources inherentlyggate UV/VUV and metastable species, and
thus make them unsuitable in this study.

The parent molecules were fed through a catalyllary by a mass flow controller.
The mass flow controller was not calibrated so dbeolute gas flow rate was unknown, but
estimated to be roughly a few tenths of 1 sccm. ghae flow increased the chamber base
pressure to ~1x10Torr. The capillary was heated by electrons thégnemitted from a heated
filament. Molecules encountering the wall of the hapillary were thermally dissociated. The
source was operated at a power of 60 W for botlyerxyand deuterium. At a power of 60 W, the
tube temperature estimated by the vendor was rgudd00 °C. The capillary was mounted in a
directly water-cooled socket to prevent the samfita®s radiative heating. A manual shutter was
placed in front of the capillary tube to shieldexpose samples to direct radical beams.

The characterization of the radical beam was caeduby threshold ionization mass
spectrometry, which will be presented in detailthia following section.
2.7  Threshold lonization Mass Spectrometry

Threshold ionization mass spectrometry (TIMS), atalled appearance potential mass

spectrometry (APMS), has been successfully appfietthis lab previously. This study mainly
follows the procedure published by Singh et al.[60]
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A quadrupole mass spectrometer (PIC 300 quadrupmdss spectrometer, Hiden
Analytical, Warrington, UK) was positioned on arnséator on flange 8. The probe unit of the
mass spectrometer consists of an ion counting @ieion detector, a quadrupole mass analyzer,
and an ionizer, which is an electron bombardmeuntc®to create ions from neutral molecules.

The ionizer and quadrupole assembly was transldteeh, placing the ionizer at the
sample position. The mass spectrometer signaldspendent of the neutral velocity and is
directly proportional to the neutral number densitythe ionizer.[60] Figure 2.3 illustrates the
relative positions of the ionizer/quadrupole asdgnthe thermal cracker, and the manual shutter.
When the shutter was open, the ionizer was in timee-of-sight of the radical beam. Under this
condition, the signal obtained by the mass speatenwas proportional to the sum of beam and
background radical number density. When the shbtterked the beam, the signal acquired by
the mass spectrometer was only proportional tobidekground radical number density. The
signal proportional to the beam component could the obtained by subtracting the shutter-
blocked signal from the shutter-open signal.

(a) Shutter open (b) Shutter blocked
Mass spectrometer Mass spectrometer

Thermal Thermal

lonization Grid | cracker lonization Grid_| cracker
N [ N 1
D W ( ] D W ( —
a [ ] a I—I::I

N
Capillary Capillary
Sopen ~ Npeam + Npg Sblocked ~ Npg

Figure 2.3 Relative positions of the ionizer/quadrupole asdgnthe thermal cracker, and the manual shutter.
(a) Shutter open; the mass spectrometer signabjsoptional to the sum of beam and background (adical
number density; (b) Shutter blocked; the mass speetter signal is only proportional to the backgbu
radical number density.

TIMS utilizes the energy difference between theectironization threshold of a radical
and the dissociation ionization of a parent molec@ly sweeping the ionizing electron energy
from 10 to 25 eV, the oxygen and deuterium radsoghals were monitored at m/z = 16 and 2,
respectively. Ar was used as a reference gas toratd the electron energy scale and calculate
the absolute oxygen or deuterium radical flux a gample position. Ar gas flow was fed
through the same capillary tube with the shuttecckéd and O W source power. Under this
condition, the Ar signal was proportional to the Aumber density in the vacuum chamber,
where its pressure was monitored by an ionizateugg.
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Figure 2.4 shows the measured oxygen radical begmalsfrom the thermal cracker,
with the shutter blocked>] and opens), respectively. The source power was 60 W. Thealig
above ~19 eV is due to the dissociation of garent molecules.[61] The Ar sign:A () was
conducted in a separate measurement with an Asyme®f 1.2x18 Torr and shutter blocked.
The energy scale was calibrated using the tAreshold, ~15.8 eV.[62, 63] The solid lines are
the linear fits to the signals. The curvature @& $iignal near the threshold is possibly due to the

spread in electron energy.
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Figure 2.4 Measured oxygen signal with shutter opahdnd blocked€).The Ar signal A ) was conducted in
a separate measurement with an Ar pressure of @%karr and shutter blocked. The solid lines arelitnear

fits to the signals.

The absolute radical number densities of the beath kmckground component were
calculated by the following equations:[60]
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The beam number density of radical in the ionize
The background number density of radical initimezer
The number density of Ar in the ionizer (withustier blocked)

The slopes of the linear fits to the radical slgmad Ar reference signal

The slopes of the linear fits of the cross sestiohradical and Ar direct
ionization

Mass to charge ratio (m/z) dependent transmissificiemcy of the

guadrupole mass filter; here z = 1

Mass to charge ratio (m/z) dependent detectionfficmat of the

channeltron detector; here z =1

The product of the transmission efficiency and cie coefficient in our mass

spectrometer was equal to°fi.[60] ni? was calculated from the Ar pressure in the chamber

with the ideal gas lawA*>X" and A*~*" were measured by TIMS*~*" and A*~*" were
calculated from linear fits of published cross Eetd.[64-66] We assumed the extraction

efficiency of ions from the ionizer was the samédifferent species temperatures. As a result, the

absolute number density of radicals could be catedl

The calculated number density of radicals at tmepda position is shown in Figure 2.5.

For oxygen and deuterium radicals, measurements emrducted at various source powers and
two different parent gas flow rates. The mass ftmmtroller was not calibrated so the absolute
gas flow rate was unknown, but the resulting mawansber pressure is reported here. For

oxygen radical measurements, the main chamberyseesgs 1x18 Torr for the high flow rate
condition and 6.4xI0Torr for the low flow rate condition. For deuteriradical measurements,
the main chamber pressure was 1%T0rr for the high flow rate condition and 6.8%1Torr for
the low flow rate condition.
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(a) Oxygen radical (b) Deuterium radical
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Figure 2.5 (a) Calculated beam and background number denkibxymen radical at various source powers.
The main chamber pressure was 1%T®rr for the high flow rate condition and 6.4%1Torr for the low
flow rate condition. (b) Calculated beam and backgd number density of deuterium radical at various

source powers. The main chamber pressure was®I&a for the high flow rate condition and 6.8x1Torr
for the low flow rate condition.

The beam component had an incident angle of 45anaple surface normal. The radical
flux at the sample position could then be obtaibgdhe following equations:

8kgT,
[0eam = pleam. iy eam. cogd45°) = 0.7 Inkee™ |8 beam (2.3)
X
ro Lo v _ gpspe [BKeTe (2.4)
X4 amy
I2**"and Y The flux of beam and background component of spécies
Veemand v, The mean speed of beam and background componentaéspe
Kg Boltzmann constant
m, The mass of species X
Toeam The temperature of the beam component. We assuinedbéam

component was thermalized with the capillary tubleiclv was ~1300 K at
an operation power of 60 W.

Tog The temperature of the background component. We nessuthe

background component was thermalized with chamberswatich were
at room temperature.

18



The total flux received at sample surface was the suimmaf the beam component and
the background component:

O =T+ Ty (2.5)

The beam component was usually 30-fold higher tharbdtkground component. At 60
W source power, the typical oxygen radical flux wassx10* oxygen-cnf-s* (+10%), and the
typical deuterium radical flux was ~4.6X¥f0deuterium-cii-s* (+10%). The choice of
deuterium instead of hydrogen was due to the linoitatif our mass spectrometer: the parent H
signal (m/z = 2) masked the atomic H signal (m/z)=This was not a problem in the case of
deuterium, where the pareng Bignal (m/z = 4) is 2 amu apart from the atomic Dhaigm/z =
2). The kinetic energy of the radicals was ~0.11 e¥ temperature of ~1300 K.
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Chapter 3
Materials and Characterization

3.1 Abstract

Present studies of photoresist material surface rougheveng conducted with 193 nm
photoresist and associated homopolymers. Studiesduft@tic biomolecule deactivation were
carried out with lipid A fromSalmonella minnesot&e 595 and synthetic monophosphoryl lipid
A. The chemical structures of these materials wilplesented in this chapter. The analysis tools,
including quartz crystal microbalance (QCM), transmiss-ourier transform infrared (FTIR)
spectroscopy, atomic force microscopy (AFM), in sitassspectrometry, quadrupole time-of-
flight (Q-ToF) mass spectrometry equipped with an elsptay ionization (ESI) source, and
time-of-flight secondary ion mass spectrometry (ToF-SIM#f)also be introduced here. Lastly,
the protocol of human whole blood tests for endotogto/ay determination will be described.

3.2 Photoresist Polymers: 193 nm PR and Associated lHolymers

Chemical structures of the photoresist (PR) materialsshmvn in Figure 3.1. As
presented in Figure 3.1a, the 193 nm PR is a randgpolyener consisting of 2-methyl-2-
adamantyl methacrylate (MAMA) in the leaving growpgamma butyrolactone methacrylate
(a-GBLMA) in the lactone group and a R-functionalizedradatyl methacrylate (RAMA) polar
group for adhesion. The molar ratio of MAMAGBLMA/RAMA is 40/40/20. In this
commercial PR, the three side-groups could complittegeanalysis of roughening mechanisms.
We therefore chose two homopolymers, p-MAMA (Figure 3Tiwas unable to be determined
before decomposition) and p-RAMA (Figure 3.1¢,~R28 °C), to better understand the role of
the side group composition in plasma-induced PR surfagghening.

The polymer samples were provided by the Dow Chem@ampany with a film
thickness of 250 nm on silicon wafers. The polymersmditicontain photoacid generators and
base quenchers. After beam exposures, these sampleshegacterized by ex situ transmission
Fourier transform infrared (FTIR) spectroscopy for film bulkroi@l modification. The surface
morphology was imaged with atomic force microscopy (AFM situ mass spectrometry was
also used to determine the photolysis products ragultiom vacuum ultraviolet (VUV)
exposures.
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Besides polymer films, polymer solution (in propylergcgl monomethyl ether acetate,
PGMEA) was also supplied by the Dow Chemical Compdimg solution was used to spin-coat
guartz crystal microbalance (QCM) sensors for etch yredsurements. The coating parameters
to obtain a 250 nm film were also provided by Dow (sgpeed: ~2850 rpm; spin time: 30 s; soft
bake: 120 °C/60 s).

(a) 193 nm PR (b) (©
CHs <|:H3 (|:H3 (|:H3 (|:H3
Hy Hy H, Hy )

RS wEn e i e ik A
c==0 C=0 c==0 c—o c=—o
- L l

o7
o R R
MAMA a-GBLMA RAMA p-MAMA p-RAMA

Figure 3.1 Chemical structure of polymers used in this stydy.193 nm PR consisting of MAMA (leaving
group),a-GBLMA (lactone group), and RAMA (polar group). (MMAMA. (c) p-RAMA.

3.3 Lipid A

The chemical structure dalmonella minnesot®e 595 Lipid A (Sigma-Aldrich, St.
Louis, MO, USA) is shown in Figure 3.2a. It consists ap(1-6)-linked D-glucosamine
disaccharide carrying two phosphoryl groups at pmsitiL and 4'. This hydrophilic backbone is
attached to four acyl chains by ester (positions 3 2ipénd amide linkages (positions 2 and
2).[67] In the case oBalmonella minnesotRe 595 mutant, these residues are satur&ead-(
hydroxytetradecanoic acids. Additionally, the hydroxgoups on two of these residues
(positions 2’ and 3’) are further substituted with saedadodecanoic and tetradecanoic acid,
respectively.[68] The diphosphoryl lipid A, obtainedy hydrolysis of Re mutant
lipopolysaccharide (LPS), is a mixture with various 4stmichiometric substitutions and
molecular masses. Non-stoichiometric substitutiorduding 4-amino-4-deoxy-L-arabinose (L-
Ara4N), phosphorylethanolamine (pEtN), hexadecanoid,aand §)-2-hydroxytetradecanoic
acid, are shown with dashed bonds. The chemicaltsteiof synthetic monophosphoryl lipid A
(Avanti Polar Lipids, Alabaster, AL, USA) is shown ingkre 3.2b. This molecule carries a
phosphoryl group at position 4’, and all the acyldass are tetradecanoic acids. In contrast to
extracted diphosphoryl lipid A, the synthetic monogphoryl lipid A has a well-defined
molecular mass and structure.

Lipid A was dissolved in a 74:23:3 chloroform:methawaker solution and diluted to
desired concentrations. Lipid A film was prepared bgttpg 10 pl of lipid A solution on
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UV/ozone-cleaned silicon substrate and dried overnigbhless otherwise specified, samples
were prepared with a 1 mg-nistock solution. Besides ex situ FTIR, AFM, in sitass
spectrometry and QCM applied in PR studies, lipidafnples were also analyzed by quadrupole
time-of-flight (Q-ToF) mass spectrometry equipped witrebattrospray ionization (ESI) source,
and time-of-flight secondary ion mass spectrometry (Bt¥S) to obtain further information
regarding to its structural change after beam exposiifes.alteration of lipid A’s endotoxic
activity was assessed by human whole blood-basésl THse analysis tools will be described in
detail in the following sections.

(a) Lipid A ( Salmonella minnesota Re 595) (b) Synthetic monophosphoryl lipid A
NH,
Q
Hom \C\) O ﬁ OH
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Figure 3.2 Chemical structure of (é&almonella minnesotRe 595 Lipid A, (b) synthetic monophosphoryl
lipid A.

3.4 Quartz Crystal Microbalance

The sample holder of the beam system can accommadate@rtz crystal microbalance
(QCM) holder. An electric feedthrough interconnects @@\ sensor (gold electrode, 6 MHz,
INFICON, East Syracuse, NY, USA) and the crystalillagor/thickness monitor (TM-400,
Maxtek, Santa Fe Springs, CA, USA), which sits undebiant pressure. The unloaded QCM
sensor is excited by the oscillator into thicknessasingode at its resonance frequency, ~6 MHz.
The oscillation frequency increases when material nsoked from the crystal and decreases
when material is deposited on it. Thus, the charfgesaillation frequency monitors the in situ
material removal or deposition. A frequency change dfH corresponds to a mass change of
1.23x10° g-cm? In the absence of any processes, the drift oflasoih frequency was about 3
Hz per hour in our system, making the measurement aitgrabout 8.3x10Hz-s™.
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The 193 nm PR was spun-coat onto QCM sensors tinabtdm thickness ~250 nm. In
the case of lipid A, 30 ml of 1 mg-thlipid A solution was spotted on each sensor. T
were dried overnight. The estimated surface coveragjpidfA on a sensor was about 50%. All
QCM measurements were conducted at room temperature.

3.5 Transmission Fourier Transform Infrared Spectrogcop

Photoresist polymers and lipid A films were characteriz@ith ex situ FTIR
spectroscopy (Excalibur FTS-3000, Digilab, now Agil&ethnologies, Santa Clara, CA, USA).
Mid-Infrared radiation has the right energy (600-4000"for stretching and bending vibrations
in organic molecules, and thus provides an easy dssagmple characterization.

The broadband infrared emitted from a ceramic source srakibugh the aperture, the
interferometer, the sample compartment, and then gdectdd by a cryogenic mercury
cadmium telluride (MCT) detector for mid-IR measuremenifie application of an
interferometer enables the simultaneous measuremernt tifeawavelengths in interests. As
shown in Figure 3.3, the interferometer applies a KBmisgditter to transmit 50% of the
incident infrared light to a moving mirror, and reflect titker 50% of the light to a fixed mirror.
Once the two beams are reflected back from the mirraey,ititerfere with each other and leave
the interferometer. The position of the moving mirror deteesi the difference in optical path of
the two beams. It in turn causes constructive or desteu interference of the light. The
fundamental measurement obtained by an FTIR is a@erfarogram”, which is the interfering
light intensity as a function of the moving mirror pamsit The interferogram contains the
information of every infrared frequency coming from therseuand thus all frequencies are
being measured simultaneously. The measured interferogranot be directly interpreted, and
is Fourier transformed back to a frequency spectrum (ligabsity at each individual frequency)
for analysis.[69]

IR beam
. Fixed mirror
Detector Sample Beamsplitter
D | N AN 'I
A\ 4

A
1
! Moving mirror
1
v
Figure 3.3The optical diagram of an interferometer.
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Sample acquisition and analysis were performed wdftware Resolutions Pro (Varian,
Inc., now Agilent Technologies). To obtain absorbaf&gat a specific wavelength, the Beer-
Lambert law was used:

A= —|0910[||—J (3.2)

0

I The intensity of the transmitted IR
lo The intensity of the incident IR

The PR and lipid A films were deposited on silicorfava. The transmitted IR contains
the signal from both the film and the Si substrateobtain film-only spectra, the Si wafer-only
signal must be subtracted. It was completed by tpkie ratio of the intensity spectra of the
sample (film + Si substrate) and the intensity spedttheobare Si substrate:

Isam e | i Isam e |
Aﬁlm = A%amme_ ASi = _|091o e IOglO == _|091o o (3.2)
I 0 l 0 I 0 I Si
All spectra were truncated and baseline correctedtéinréhe absorption bands between
500 cni* and 4000 cr.

3.6 Atomic Force Microscopy

The surface morphology of samples was imaged by atéonie microscopy (AFM,
MultiMode, Veeco, now Bruker AXS, Madison, WI, USA) tapping mode. In principle, a
cantilever with a sharp tip (PPP-NCL, NANOSENORS) oam and lightly taps the sample
surface. An optical lever is used to monitor the tetoiin amplitude of the cantilever: a laser
beam is shined to the back of the cantilever and tefleto a split photodiode detector. A digital
feedback loop controls the vertical position (z direttiof the scanner to maintain a constant
tip-sample interaction, and thus maintain a constaoit mean square (RMS) oscillation signal.
The vertical position of the scanner at each lateoasition (X, y) is recorded and forms the
topographic image.

The data acquisition, process, and analysis were mpegfb with Nanosope 11l 5.12
software (Veeco, now Bruker AXS). RMS surface roughnessunements were performed on
multiple 1 um x 1 um or larger scans at different dangwsitions. For PRs, the dominant
surface texture wavelength was determined by 2D isatrppiver spectral density analysis on
multiple 3 um x 3 um or larger scans.
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3.7 In situ Mass Spectrometry

A quadrupole mass spectrometer (PIC 300 quadrupole m@eastrometer, Hiden
Analytical, Warrington, UK) was used in situ to momitbe neutral VUV photolysis products
from photoresist materials and lipid A. The same mpestsometer was also used for TIMS and
described in Section 2.7. The maximum operating predsu the channeltron detector is 510
Torr. When the Commonwealth ion source was in usechi@nber base pressure was well
above the maximum operating pressure. Measurements acfiore products from radical
exposures on lipid A have not been attempted bedhesadical-induced etch yield is low. Thus,
in present studies, only photolysis products in tbheeace of ion bombardment and radical
exposure were determined.

The spectrometer calibration was performed with hexedkethane (gFg). The measured
cracking pattern of & is shown in Figure 3.4a with CF (m/z = 31),.Gm/z = 50), CE(m/z =
69), and GFs (m/z = 119), consistent with the NIST database.Béfore data acquisition, the
ion source filament was degassed for 20 min and themtgestandby mode (with a reduced
filament current) for at least 1 h to reach thermal doypitiim in the ion source cage. The ionizer
and quadrupole assembly was translated down, plabkangpnizer about 1 cm proximity to the
sample. The background spectrum was taken with samgilace before VUV was turned on.
Under VUV exposure, the mass spectra in the range frartoQL60 m/z were collected every 5
min with an increment of 0.2 m/z. The ionizing elentemergy was set to 70 eV. To increase the
concentration of photolysis products and thereforeaitp-noise ratio, the main gate valve
between the chamber and the turbo pump was partialbed to reduce the effective pumping
speed during measurements. The spectra acquisitioaratygsis were performed with MASsoft
software (Hiden Analytical). The background gas sidmnédth VUV off) was stable throughout
the measurement period, as shown in Figure 3.4b.
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Figure 3.4(a) The cracking pattern of,Es measured by the mass spectrometer. (b) The backdigas signal
over a 1.5 hr measurement span.
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3.8 Quadrupole Time-of-Flight Mass Spectrometry

To obtain structural information of lipid A film bulk,nprocessed and VUV-exposed
lipid A samples were analyzed using a quadrupole-bifffight (Q-ToF) mass spectrometer (Q-
ToF Premier, Waters, Milford, MA), located in QB3/ChetmidMass Spectrometry Facility. The
spectrometer was equipped with an electrospray ioaizdESI) source which was operated at
atmospheric pressure. The measurements were assidied Tony lavarone.

ESI does not actively create ion fragments. Rathés,a method to transfer analyte ions
from a condensed liquid phase to gas phase. ESlpsciedly suitable for a wide range of
biochemical compounds including peptides and preteiipids, oligosaccharides, etc. In
principle, the spray capillary is held at a highcélie potential with respect to a nearby counter
electrode. Under the high electric field, the exitilgc#olyte solution forms a “Talyor cone”
and starts to eject a fine jet of liquid towards thernter electrode. The jet breaks up into a spray,
where highly charged small droplets are separated bpa&@bulombic repulsion. The polarity of
ions in the droplets is determined by the polarityhef $pray capillary. These droplets are further
disintegrated by droplet jet fission, a process simdget injection from a Taylor cone. Finally,
desolvated ions are liberated and directed into thresranaalyzer through ion optics.[71]

In practice, spotted lipid A films (0.2 mg-Hhl10ul) were resuspended in 2@0solution
of 74:23:3 chloroform:methanol:water to make the fingildliA concentration on the order of a
few micromolar. Samples were infused from a 250-pL syr{rgamilton, Reno, NV, USA) into
the ESI probe at a flow rate of 5 pL-mimsing a syringe pump. The connection between the
syringe needle and the ESI probe was made using Rtikg (0.005-in. inner diameter x 1/16-
in. outer diameter, Agilent, Santa Clara, CA). The gBameters were as follows: ESI capillary
voltage 2.5 kV, nebulizing gas (nitrogen) flow rate 608, nebulizing gas temperature 150 °C,
sampling cone voltage 100 V, extraction cone voltdgé, ion guide voltage 5 V, and source
block temperature 80 °C. The ToF analyzer was opemat&d’ mode. Under these conditions,
a mass resolving power of 1.1¥1(measured at m/z = 1744) was achieved, which enabled
resolution of the isotopic distributions of the ionsasiered in this study. Thus, an ion’s mass
and charge could be determined independently (e, dharge was determined from the
reciprocal of the spacing between adjacent isotopkspeahe m/z spectrum). Mass calibration
was performed prior to sample measurements using acsobf sodium formate. Mass spectra
were recorded in the negative ion mode over the range=n200-3000 for a period of one
minute. Mass spectra were processed using MassLytwase (version 4.1, Waters).

3.9 Time-of-Flight Secondary lon Mass Spectrometry

To obtain structural information of lipid A film surfacame-of-flight secondary ion
mass spectrometry (ToF-SIMS) was performed with a secgniar mass spectrometer
(TOF.SIMS 5, ION-TOF USA, Chestnut Ridge, NY, USApcated at Beamline 9.0.2 of
Advanced Light Source, Lawrence Berkeley National lkatmyy. The measurements were
assisted by Dr. Suet Yi Liu.
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The spectrometer was equipped with a bismuth clusterapy ion source (Bf). The 25
keV primary ions impacted the sample surface by raident angle of 45° and generated
secondary ions and neutrals. The secondary ions exracted into a reflectron time-of-flight
(ToF) mass spectrometer. The SIMS spectra were acginosdan area of 15am x 150um
and the total primary ion fluence was maintainedrtsuee static SIMS conditions for optimal
sample surface analysis.

3.10 Human Whole Blood Tests

Endotoxic activity measurements are of critical impactain lipid A deactivation study.
Earlier attempts applying the binding affinity betwdignd A and LPS binding protein (LBP)
were unsuccessful due to the low solubility of lipidmAaqueous solutions. Lipid A has to be
deposited as a film in order to be processed in tlkaura beam system. The low solubility of
lipid A in aqueous solutions makes resuspension qfosiged film difficult. Moreover,
incubating LBP solution directly with lipid A film osilicon substrate caused high background
signal due to nonspecific binding between LBP atidogi. Various blocking agents were tested
and improvements were minimal.

Human whole blood-based assay has been used by &oskito assess the endotoxic
activity of lipid A and LPS deposited directly in-2¢ll plates.[72-75] As illustrated in Figure
3.5, cells of the innate immune system, such as oytes and macrophages, can recognize
LPS/lipid A through Toll-like receptor 4 (TLR-4) and prataiomplexes to initiate the secretion
of a range of pro-inflammatory proteins (known as cytoRinesluding interleukin-f (IL-1p),
IL-6, and tumor necrosis factor(TNF-0).[34, 76, 77] The amount of secreted cytokines is
proportional to the amount of LPS/lipid A, and thugan be used to determine the endotoxic
activity of LPS/lipid A. Advantages of human wholeobtl-based assay are as follows; first,
blood can be directly applied to lipid A film and uspension of lipid A is not necessary; second,
it gives a direct measure of immune responses. The dnaivback of this assay is that cytokine
responses vary from donor to donor, and thus replicaissblood from multiple donors are
necessary.[78] The protocol used in this study waseldped based on Rossi’'s and optimized
towards our application. General guidelines for cytekmeasurement using whole blood can
also be found in published protocols.[79]

Cytokines
IL-18, IL-6, TNF-a

Q secretion A
O —

Figure 3.5The principle of human whole blood-based tests. ddreentration of secreted cytokines is a direct
measure of LPS/lipid A endotoxic activity.

LPS/Lipid A White blood cells
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The basic protocol is shown in Figure 3.6. Hepariniftedh human whole blood was
acquired from AllCells (Emeryville, CA, USA) and usedthin 6 h of collection. Samples were
prepared by spotting serial diluted lipid A solution UV/ozone-cleaned silicon substrates.
These samples were placed into 24 well culture pl@inc Multidishes Nunclon™, Nalge
Nunc International, Rochester, NY, USA). 0.5 ml of frésiman whole blood was pipetted into
each well. The samples were incubated in a 37 % C&, incubator for 24 h. After incubation,
supernatants were collected after centrifugation for IDah400xg and stored at -20 °C until
interleukin contents were determined. Among other pflafmmatory proteins, we chose to
monitor IL-13 concentration in this study. ILBImeasurements were performed by a commercial
enzyme-linked immunosorbent assay (ELISA) from Life Tedtbgies (Grand Island, NY, USA).
For each donor, a standard curve was constructed bpating blood with serial dilution of
spotted lipid A/silicon samples. We note thatdigi film is not readily soluble in blood. Thus,
this assay mainly monitors the endotoxic activityipfl A film surface.

Lipid A on
Si substrate

IL-1B
‘ T \ _ ‘ \ _—> —> measurements
(ELISA)
Fresh whole blood Collection of

Well plate _ )
24 hr incubation blood plasma

Figure 3.6 The protocol of human whole blood-based tests.
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Chapter 4

lon, VUV, and Electron Effects in 193 nm
Photoresist Surface Roughening

4.1 Abstract

Previous studies in our group and with our collaborasbmsved a synergistic effect of
ion bombardment, vacuum ultraviolet (VUV) irradiationdamoderate substrate heating in 193
nm photoresist (PR) surface roughening.[80-82] This chaptesents a summary of the
individual effect of 150 eV Ar ion bombardment, 147 nrdW photon irradiation, and the
synergism of simultaneous ion/VUV exposure in enhdra@face roughening of 193 nm PR.
Furthermore, the effects of 1 keV electrons and varioudow@tons of ions, VUV photons, and
electrons are discussed. The results suggest thahesth roughening of 193 nm PR is initiated
by the synergistic interaction between an ion bombard-induced carbon-rich surface layer
(~2 nm) and a scissioned bulk layer (~100 nm).

4.2 Introduction

Severe degradation and roughening of 193 nm photo(&3 in plasma etch processes
hinder the continuous scaling of semiconductor deicCurrent understanding of plasma-
polymer interactions during plasma etch for nanoscabeidation was recently reviewed by
Oehrlein et al.[83] Various studies investigated éfiects of polymer structures and plasma
parameters, such as plasma chemistry, power, and pressd93 nm PR roughening under
various plasma conditions.[11-15] For example, micrdimags fluorocarbon deposition, and
polymer surface fluorination by gas phase fluorine haenhattributed to the roughening of PR
in fluorocarbon-containing plasmas. [13-15] Furthermoradiess showed that, even without
complex plasma gas chemistry, pure Ar plasma expostitieesulted in substantial roughening
of 193 nm PR.[15] The active species in a pure fasma are energetic ions, photons, and
electrons. This chapter will be devoted to the indlial and synergistic effects of ions, vacuum
ultraviolet (VUV) photons, and electrons in surface rarghg of 193 nm PR.

In a pure Ar plasma, Ar ions accelerate across the gheath region and bombard the
material perpendicular to the sample surface. Materiaénsoved anisotropically due to the
directionality of ions. The ion energy is usually ttoled by the applied bias voltage on the
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sample, typically a few hundred electron volts (eMjug et al. showed that in an inductively
coupled Ar plasma, PR surface roughening was highlyelzed to the Ar ion energy.[82] When
the ion bombarding energy was below ~65 eV, PR sur@o@ined smooth; however, enhanced
surface roughness was observed when the ion energynevaased beyond 65 eV and reached a
maximum ~150-175 eV. This was attributed to the foramatf a carbon-rich layer at the PR
surface with an ion energy higher than 65 eV. Detdiisn-induced modification will be further
discussed in Section 4.4.

Low-pressure plasmas also generate photons in a brogd, from visible light to VUV
(A < 200 nm). Light emission spectra from technologjcathportant plasmas have been
presented in literature.[84-87] For an Ar plasma, twerise resonance lines are at 104.8 and
106.7 nm. All hydrocarbon polymers absorb in the VUYgioa with absorption coefficients
several orders of magnitude higher than that in thevidiet (UV) region.[88] Thus, VUV
photochemistry with PRs has lately drawn increasittgntion in the etching community. To
minimize PR degradation, some plasma pre-etch treasnieve been observed to “cure” the
193 nm PR after the development stage.[89-91] Thesaa pre-etch treatments, for example
exposures to HBr- and Jtontaining plasmas, are designed to decrease thdeoing and
increase etch resistance of 193 nm PR during the sudaseglasma etch steps. Pargon et al.
pointed out that VUV X ~110-210 nm) photons generated by plasmas contrituutthe
smoothing effect of plasma pretreatments and plasnraistrg plays a key role in both surface
and sidewall roughening.[92, 93] On the other handstNet al. showed in vacuum beam
experiments that simultaneous 150 eV Ar ion bombardm€UV irradiation and moderate
substrate heating of 193 nm PR lead to enhanced R&suoughness.[80, 81] The degree of
surface roughening observed in vacuum beam experimentsimilar to that following
inductively-coupled Ar plasma exposure under simitew’VUV fluences and energies.[82] The
VUV effect and its synergy with ion bombardment agléctron exposure will be further
presented in Section 4.5, 4.6, and 4.8.

Compared to positive ions bombarding the substrate eviergies of several hundred eVs,
electrons only reach the substrate when the instaotsnsheath potential drops to nearly zero.
These escaping electrons bearing low energy, usoalljnore than a few eVs, balance the ion
charge built-up on insulating substrates.[1] Evideha@as shown that electrons with energies
below 100 eV can damage polymers as high energyrefsc For example, formation of
unsaturated C=C bonds in poly (methyl methacrylate) NIA}Ifilm has been reported.[94, 95]
However, since the penetration depth of these electsacmmparable to ions (~few nanometers)
during plasma processes, the electron-induced PR natibfic is generally ignored by the
etching community.[96, 97] Some configurations of plaschambers can result in high energy
electrons bombarding the surfaces along with other plagmecies. As shown in Figure 4.1, a
negatively direct current (DC)-biased upper electrodect ions and generates secondary
electrons. The secondary electron yields of varioustrelde materials under plasma conditions
have been measured by En et al.[98] For example,ruh&iekeV Ar ion bombardment, the
secondary electron yield of single crystal silicomamout 0.7, which is not negligible. These
secondary electrons accelerate through the sheathenétityies in the keV range and can easily
reach the lower electrode, on which the processingma located. These electrons can easily
penetrate the PR and cause damage. Electron pretreatitie a few keVs of energy has been
proposed for 193 nm PR to increase the etch resistarteeduce the shrinkage under critical
dimension measurements.[99-101] Observation of redugddce roughness under SEM was
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also reported.[101] These authors attributed the sesnleither cross-linking or scissioning of
the polymer under electron exposure. The effect of 1 &k¢trons and its synergy with ion
bombardment and VUV irradiation will be the focus oft®et4.7-8.

l

Pump

Figure 4.1 Schematic of a discharge chamber with a negatib€lybiased upper electrode. The substrate sits
on the bottom electrode.

In summary, we will demonstrate that the synergigtwben plasma-generated species
and substrate heating is of critical importance in h83 PR surface roughening. Enhanced
surface roughness is observed with a combination ofoarmiodified surface layer and a
scissioned bulk layer, either by VUV photon irradiatior low-fluence electron exposure. A bi-
layer wrinkling mechanism can be used to qualitayiwaierpret the observed synergy.

4.3 Experimental Setup

The details of the beam system are described in Qh2ptde beam sources used in this
study were the ion source, the VUV source, and tbetrein source. The schematic of the system
setup is shown in Figure 4.2. The 150 eV Ar ion curednthe sample position was measured
with Faraday cup 1 (aperture size ~4.55%IM). An ion current of 2.8x1§ ions-cnf-s*
(+10%) was used and a 1 h exposure resulted in afiience of 1.0x1# ions-cnf (+10%).
The 147 nm VUV photon flux irradiating on the sampleface was ~1.34x10photons-ci-s?,
corrected by an incidence angle of 45° to the surfacmal. 1 h VUV irradiation resulted in a
photon fluence of 4.8x10photons-ci. The 1 keV electron current at the sample positias w
measured with Faraday cup 2 (aperture size ~19:6xif). Different electron fluences were
achieved by changing the electron current. The  sith yield was monitored with quartz
crystal microbalance (QCM). The bulk chemical modifmatwas characterized with ex situ
transmission Fourier transform infrared (FTIR) spectroscoflye surface morphology of
samples was imaged by atomic force microscopy (AFM@apping mode. Root mean square
(RMS) surface roughness measurements were performed onlendiM scans at different
sample positions.
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(a) A (b)

Faraday cup2  paraday cup1  Electron Electron

source Faraday cup 1 source

' ‘ Ion source

VUV source

Figure 4.2 (a) Side view of the beam system (b) cross sedtien of the beam system at plane A labeled in

(a).

4.4 Arlon Bombardment on 193 nm Photoresist

150 eV Ar ion bombardment on methacrylate-based P&dtsein physical sputtering,
near-surface region modification, and formation of a surfas®on-rich layer. Studies of Ar
plasma and Ar ion bombarded polymers suggest thautface becomes highly carbon-rich and
cross-linked under steady state conditions.[102-108]vaKoreported suspending a
graphitized/cross-linked layer formed on PMMA surface &t eV Ar ion bombardment.[106]
Nest et al. also showed a dramatic decrease of spgttgield (by a factor of ~100 for 150 eV
Ar ions) on 193 nm PR at a fluence of ~1.0%1li@ns-cn?, corresponding to the formation of
this modified layer.[81] These results are supportgednolecular dynamic (MD) simulations
coupled with ellipsometry measurements followingspta exposures, showing that the thickness
of the ion-modified layer is about 1.5-2 nm with a dgnsf about 1.8-2.4 g-cth[109, 110] The
density is similar to that of tetrahedral amorphous carfie-C) films grown by depositing
carbon ions or Ar ion plating at comparable ion eneiggrrelations between the density of
amorphous carbon films and its intrinsic compressivesstigave been reported. It is thus
expected that the ion-modified surface layer is undesreogous intrinsic compressive stress,
roughly on the order of a few GPa.[111-113] In a recerdlipation, by AFM force curve
measurements coupled with numerical finite elementigitions, Lin et al. reported that the ion-
modified layer, formed on polystyrene (PS) film by Ar icontbardment in an Ar plasma, bore
an elastic modulus more than 2 orders of magnitudeehitifan that of pristine PS. [114] This
observation was based on the bi-layer wrinkling theavlgich will be further discussed in
Section 4.6.
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In this study, an ion current of 2.8xfdons-cnf-s' (¥10%) was used. The total ion
fluence after 1 h of ion bombardment was ~1.0%16ns-cnf-s'(+10%). We note that the ion
flux used in a beam exposure is lower compared todypiasma etch conditions. Formation of
the ion-modified layer takes roughly 0.5-1 min in a beaperiment and roughly 2-5 s in an Ar
plasma exposure.[108] With the formation of the ion-rfiedi surface layer, the surface
roughness of 193 nm PR increases after ion bombardme#it58 nm at 25 °C and ~2.25 nm at
65 °C. The corresponding AFM images are shown inreigu3.

10 nm

0nm

Figure 4.31 pm x 1 um AFM images of 193 nm PR after 150 e\foirbombardment at (a) 25 °C, (b) 65 °C.
The Ar ion fluence was 1x1bions-cn. The color scale of the images is 10 nm.

4.5 VUV Irradiation on 193 nm Photoresist

It has been shown that VUV photons, generated bged-volume lamp sources or
plasmas, can cause bulk modification of 193 nm PR dliiange is typically observed with
transmission FTIR. [13, 89-91, 93] Figure 4.4 sholes ETIR spectra of 193 nm PR after 147
nm VUV exposure. The exposure time ranged from 5 mih o and the photon fluence ranged

from 4.0x10° to 4.8x10" photons-cii. The substrate temperature was held at 65 °C.

FTIR absorption peak loss is observed in the C=0 (diB& cn') and C-O-C region
(1050-1350 cnf), showing the removal of ester linkages (1720 and 1&88) and lactone
groups (1796 ci). The loss of oxygen-containing moieties is in the fafgaseous products,
which will be presented in Chapter 5.[115, 116] Tis® of the peak at 1772 &hcan be
attributed to multiple origins, including the detadhkactones that remain in the film, the
presence of carboxylic acids, or formation of aldehydes$3, 117] The penetration depth of
147 nm VUV photons is roughly estimated to be ~180 based on the loss fraction of C=0 and
C-O-C characteristic peaks. This is consistent with genetration depth of VUV photons in
polymeric materials, from 15 to 250 nm, depending \WdV wavelength and polymer
structure.[118] Based on the damage of oxygen-contpimoieties, the saturation of VUV
penetration in methacrylate-based PR has been sedutatd verified by experiments.[119] In
contrast, little change is observed in the @HH; region (2800-3100 cr). VUV photons
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generated by Ar, HBr or fluorocarbon-containing plasmagehsimilar effects on 193 nm PR.
[50, 93]

(a) C=0 bonds (b) C-O-C bonds
0.025 0.025
Increasing Time Increasing Time
0.020 ¥ 0.020 P -
@ @
§ 00151 § 0015
(0] (]
o (5]
g g
§ 0.010- £ 0.010-
o [=}
8 8
< <
0.005- 0.005-]
0.000 /= : : . 0.0004—=#— : : : —
1700 1750 1800 1850 1050 1100 1150 1200 1250 1300 1350
Wavenumber (cm ™) Wavenumber (cm )
(c) CH,/CH3 bonds
0.025
0.020- IncreasingTime |  sesauss Unprocessed

5 min
0.015
10 min

0.010- 15 min

Absorbance (abs)

0.005

30 min

60 min

0.000 -
2800 2850 2900 2950 3000 3050 3100

Wavenumber (cm ™)

Figure 4.4 Transmission FTIR spectra of 193 nm PR after 147\fV photon irradiation with a flux of
1.34x16* photonscm®s™. (a) C=0 bonds (1675-1850 &)n(b) C-O-C bonds (1050-1350 &n(c) CH/CHs
bonds (2800-3100 ch.

Besides the observed bulk-modification through FTIRargBn et al. provided
experimental evidence that after plasma-generated VWposre, the glass transition
temperature (Jj of 193 nm PR decreased from 170 to ~110 °CJ9@] Ty is the temperature at
which the polymer undergoes the transformation from asglatate to a rubbery state upon
heating. A decreasedy Tefers to a higher degree of molecular motion and ardoslastic
modulus of VUV-exposed PR. It is suspected that thetddree lactone and adamantyl group
may stay in the film and act as a plasticizer to softee film.[90, 93] Also, main chain
scissioning could take place and thus decrease ghef The polymer matrix. In a recent
publication, Pargon et al. observed cross-linking of h88 PR resulting from extended HBr
plasma-generated VUV exposure. [117] Under their experial setup, VUV-processed 193 nm
PR was soluble in acetone with an exposure timethess 60 sec, but insoluble in acetone if the
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exposure was extended to beyond 60 sec. Their obmervatiggests that VUV-induced
modification is dependent on photon fluence. The gidiuence used in our study is believed to
be within the VUV-induced scissioning region, suppdrby the fact that exposed-PR is soluble
in tetrahydrofuran (THF).

In spite of the above-mentioned chemical and mechhgitanges of the polymer, the
surface roughness of 193 nm PR after 147 nm VUV exposurenisistently smooth at ~0.3 nm,
comparable to an unprocessed film. AFM images of 147\\u-exposed 193 nm PR are
shown in Figure 4.5.

2.5nm

0 nm

Figure 4.51 um x 1 um AFM images of 193 nm PR after 147 nm\Wfhoton irradiation at (a) 25 °C, (b) 65
°C. The VUV fluence was 4.8x10photons-cr. The color scale of the images is 2.5 nm.

4.6 Simultaneous lon and VUV Exposure on 193 nm Phetstre

The AFM images of 193 nm PR after simultaneous ion/V&Rposures are shown in
Figure 4.6. Simultaneous exposure provides the combmaf an ion-modified, carbon-rich
surface layer on top of a VUV-modified bulk layer. Theface roughness of simultaneous
ion/VUV-exposed polymer is comparable to that of purepfasma-processed PR at a similar
substrate temperature, ion energy and fluence.[82] &esd. demonstrated that this observation
is valid with different VUV sources, and the surfacegtmess of processed PR increases with
increasing VUV photon fluence and substrate temper®®eB1] These results suggest that the
mechanical difference between the ion-modified layer thedVUV-modified layer is the key
factor for surface roughening of 193 nm PR under plasmdittons. The schematic summary of
ion-only, VUV-only, and simultaneous ion/VUV exposiseshown in Figure 4.7.

It is well known that the combination of a compresft stressed film and a compliant
substrate can result in complex wrinkle formation. Masicstudies have been devoted to
constructing such bi-layer systems and characteritiagesulting surface morphology. Metal,
SiO, or Si thin films deposited or otherwise induced to fampolydimethylsiloxane (PDMS)
can result in wrinkling upon cooling or releasing the-ptrained PDMS underlayer.[120-125]
Wrinkles are also observed by deposition of aluminumP& films heated above its glass
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transition temperature, and by sputtering Sé& PMMA at about 50 °C.[126, 127] The
responsible mechanism has been generally understdmel dcstress-driven instability.[128-130]
Upon wrinkling, the elastic top layer undergoes hatplane and out-of plane displacement to
relax the compressive stress, and the compliant unartleforms concurrently.

25 nm

lon/VUV

0 nm

Figure 4.6 1 um x 1 um AFM images of 193 nm PR after simultarse150 eV Ar ion and 147 nm VUV
photon exposure at (a) 25 °C, (b) 65 °C. The Arflaence was 1x1'§ ions-crif and the VUV fluence was
4.8x10" photons-cm. The color scale of the images is 25 nm.

(a) lon-only (b) VUV-only (c) lon/VUV

W

Pristine photoresist

Pristine photoresist Pristine photoresist

Figure 4.7 A summary of species effects on 193 nm PR and sporeding 1 pm x 1 pm AFM images after
processed at 65 °C for (a) 150 eV Ar ion, (b) 147UV, (c) simultaneous ion/VUV. The color scaletbé
AFM images is 25 nm.
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Bruce et al. have suggested this buckling/wrinklingchanism to explain nanoscale
surface roughening of polymers under plasma etch condifit81] The onset of wrinkling
requires that the compressive stress exceeds the oftugical stressg., which is determined
by the mechanical properties of the two layers. Ihbayers are assumed to be elastids

___E {3E5(1vf)r3

T ) E ) @y

wherekE is the elastic modulus, is the Poisson’s ratio, and subscrip@nds denote the stiff
overlayer and compliant underlayer, respectively.

In the small deformation limit, the equilibrium amptlie, A , and wavelength, , can be
readily derived as shown here:

A= h(i— ) (4.2)
GC
E, [1-v2)]”
A= Zﬂhl:m} (4.3)

whereh is the thickness of the top layer.

Bruce et al. conducted the experiments on PS. AfteioAr bombardment, an ion-
modified surface layer was formed on the PS film. By cirangn energy, the thickness of the
ion-modified surface layer was seen to change. It wawrshbat the experimental values for
equilibrium amplitude (roughness) and wavelength wargood agreement with calculated
theoretical values.

We note that both amplitude and wavelength are prigpaitto E;°, whereE, is the

elastic modulus of the compliant underlayer. As siandbus ion/VUV exposure renders a bi-
layer structure to methacrylate-based PR, we adoptvtivkkling theory to further study the
roughening of 193 nm PR. The following sections wigent the results of 1 keV electron-only
exposures and various combinations of ions, VUV phgtand electrons.
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4.7 1 keV Electron Exposure on 193 nm Photoresist

The transmission FTIR spectra of 193 nm PR after 1 Kettren exposure are shown in
Figure 4.8.
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Figure 4.8 Transmission FTIR spectra of 193 nm PR after 1 k#étron exposure with a flux of 9.8x%0
electronecm®s®. (a) C=0 bonds (1675-1850 &n(b) C-O-C bonds (1050-1350 &n(c) CH/CH; bonds
(2800-3100 cr). The substrate temperature was 65 °C.

The electron flux was maintained at 9.8¥1@lectroncm?s® with exposure time
ranging from 5 min to 1 h, resulting in electron fluené®m 0.47 to 5.6 m€m’?, respectively.
The substrate temperature was held at 65 °C. Foir@heonly exposure, FTIR absorption peak
loss is observed in the C=0, C-O-C and ,(CHH; regions. Based on the loss fraction of
absorption peaks, we estimate 1 keV electrons caetiade 193 nm PR to a depth of ~100 nm,
which is consistent with reported electron ranges inViAVI[132] It is worth noting that the

38



damage occurs within each region under a different S8oae. In oxygen-containing regions
(Figure 4.8a and b), the high rate of loss in the firstibis attributed to the depletion of oxygen
within the penetration depth of electrons. The los®xfgen-containing bonds saturates after
~30 min (2.8 m@&m?) and is most likely in the form of gaseous productshsas CO and
CO,.[133] In the CH/CH; region (Figure 4.8c), the main peak decreases gigduath
increasing electron fluence. The peak loss mainly spmeds to the loss of hydrogen from the
polymer, probably resulting in formation of;tdnd small amounts of GH133] Electron-only
exposures conducted at 25 °C show similar loss of FalbRorption peaks with a slightly
decreased loss fraction. The temporal evolution of nozethlabsorption peak loss for gH

(asymmetric stretching, 2920 &n ester (C=O stretching, 1722 dnand lactone (C=0
stretching, 1797 ci) is shown in Figure 4.9.
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0 2 4 6
" 1 " 1 " 1
~f& 25°CCH, =& 65°CCH,
= 25°C ester - 65 °C ester
~ 25 °C lactone —@— 65 °C lactone

=
=

© © =
(00] © o
1 1 1 .

o
~
1

o
»
1

Normalized absorbance, A-A 0'1

o
a1
1

Exposure time (min)

Figure 4.9Normalized absorbance of Gldsymmetric stretching (29208 C=0 ester (1722 ch), and C=0
lactone (1797 cif) for different 1 keV electron exposure time. Thibstrate was maintained at 25 and 65 °C
for hollow and solid symbols, respectively.

An in situ QCM measurement of 193 nm PR under 1 k&¢tedn exposure is shown in
Figure 4.10. The electron flux was 1.26X10electroncm?®s®. Exposure time and
corresponding electron fluence are both labeled. Thpesib the QCM curve is proportional to
the instantaneous etch yield. A high initial eta#ld (for fluences < 1 m@m?) is followed by a
decreased steady-state etch yield (for fluences > 8mit). In accordance with the FTIR results,
the initial high etch yield is due to the rapid forroatof oxygen-containing gaseous products.
The steady-state etch yield is mainly due to thérabtison of hydrogen.
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Figure 4.10In situ QCM measurement of 193 nm PR under 1 k&¢tedn exposure at room temperature. A
high initial etch yield (< 1 m@m?) is followed by a decreased steady-state etch yieB mCcm?).

From electron beam resist studies, it is known that flaence electron beams induce
scissioning of PMMA while higher electron fluences ioduwcross-linking.[134-136] Because
193 nm PR is a methacrylate-based polymer, a simédaavior under electron irradiation is
expected. Chen et al. have shown that linear aci® nm PR can be used to produce both
“positive” and “negative” patterns by 40 keV electromadiation.[137] Under low electron
fluences, the J of the bulk polymer decreases and 193 nm PR behawves “positive-tone”
electron resist. In contrast, under high electronnites, 193 nm PR acts as a “negative-tone”
resist where cross-linked networks form, and theides above that of the virgin polymer. We
observe that low fluence, 1 keV electron-irradiated RRsaluble in THF (< 1 m€m?), while
higher fluences leave insoluble, cross-linked filmstioa silicon substrate (> 4 m@n?). This
trend agrees with both the in situ QCM measurementFan& spectra. The fast removal of
oxygen-containing bonds results in the bulk scissignof 193 nm PR, and the following
abstraction of hydrogen enhances the recombinatidoraen bonds. Thus, electron-induced

cross-linking, within the penetration depth, beginsdtminate when the etch yield starts to
decrease.

For electron-only exposure with various fluences, the RMi$ace roughness of 193 nm
PR remains low, about 0.4 nm, similar to that of unpssed films (~0.3 nm), as shown in
Figure 4.11.
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Figure 4.111 um x 1 um AFM images of 193 nm PR after 1 ke\tteten exposure. (a), (b), and (c) were
conducted at 25 °C with various electron fluende$; (e), and (f) were conducted at 65 °C with eas
electron fluences. The color scale of the imag@s5sim.

4.8 Simultaneous lon, VUV, and Electron Effects on 183 Photoresist

In the beam system, experiments were conducted djtisi(nultaneous VUV/electron
exposure; (2) simultaneous ion/electron exposure; @Yl&neous ion/VUV/electron exposure,
with each exposure conducted at both 25 and 65 8Ce¥posure protocols (1)-(3), the exposure
time was 1 h, resulting in an ion fluence of 1¥li@nscm? and a VUV fluence of 4.8x10
photonscm. Different electron fluences were achieved by changirey electron flux. The
surface roughness of 193 nm PR resulting from various ex@gsotocols is shown in Figure
4.12. The corresponding AFM images are shown in Figut8 and 4.14 for samples processed
at 65 and 25 °C, respectively.

The surface roughness of simultaneous VUV/electron fxes is relatively low, about
0.4 nm. Although electrons can induce either scissgar cross-linking to a depth of ~100 nm,
none of the electron-only or simultaneous electron/VéXposures increase surface roughness.
Bulk modification alone is not sufficient to roughese AR surface.
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Figure 4.12 RMS surface roughness of 193 nm PR resulting from variexposure protocolsimultaneous
ion/VUV/electron @ 65 °C, o 25 °C), simultaneous ion/electrom 5 °C, o 25 °C) and simultaneous
VUV/electron (A 65 °C,A 25 °C).

As mentioned in earlier sections, energetic ion bodant is essential for enhanced
surface roughening. It is stressed here that at 62ani€, the surface texture and roughness of
simultaneous ion/low fluence electron (1 m@?) is comparable to that of simultaneous
ion/VUV exposure (Figure 4.12). Based on the bi-layernkiimg theory, the amplitude

(roughness) is proportional ®;"°, where E,is the elastic modulus of the compliant underlayer.

A lower E,will increase the roughness, while a higltemwill reduce the roughness. Both VUV

photons and low fluence electrons cause bulk sciggjdn the irradiated polymer and decrease
its bulk Ty and elastic modulug, .[93, 136-138] A compressivelssed, ion-modified surface

layer on top of a compliant bulk layer is suggestenhittate the observed surface roughness. In
contrast, bulk cross-linking induced by high fluencectbns increases the elastic modulus of
irradiated polymer and suppresses the roughening dhyetine ion-modified layer.[136] For
simultaneous ion/VUV/electron and ion/electron expesusurface roughness is higher at 65 °C
than that at 25 °C, which is consistent with presgicstudies.[80-82] The elevated substrate
temperature increases the mobility and decreaseslaséc modulus of the bulk polymer, and
thus appears to amplify surface roughening.[139] Tleeed change of surface roughness and
morphology can be qualitatively explained by a bielaywrinkling mechanism.
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It is worth noting that these experiments were cotetliover exposure periods of 1 h. At
intermediate (4 m@&€m™®) and high (8 m&m?) electron fluences, 193 nm PR changed from
positive-tone to negative-tone polymer during the eqpmmsThe relative transition time during
the exposure is expected to be important as wellulbstsmte temperature, since the mobility of
polymer fragments is temperature-dependent. For interteeeliactron fluence (4 mén?), the
relatively long scission-to-crosslinking transition @mand initial low cross-linking density are
suspected to induce local non-uniformity in the polyrbalk, and thus increase the surface
roughening at an elevated substrate temperature. AC2With a less mobile polymer matrix,
intermediate electron fluence is sufficient to supprasi®ese roughness (Figure 4.12).

No electron 1.0 mC-cm? 4.0 mC-cm?2 8.0 mC-cm?
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Figure 4.131 pm x 1 pm AFM images of 193 nm PR after differerposure protocols at a substrate
temperature of 65 °C: simultaneous VUV/electronasype with different electron fluences (a) no elmcs
(b) 1 mGem? (c) 4 mCem? (d) 8 mCcm? simultaneous ion/electron exposure with differetgctron
fluences (e) no electrons (f) 1 ne@1? (g) 4 mCem? (h) 8 mCGem?; simultaneous ion/VUV/electron exposure
with different electron fluences (i) no electrofjsi( mGem? (k) 4 mGem? (I) 8 mGem® The 150 eV Ar ion
and VUV photon fluence was kept the same: #Xidhscm?, 4.8x13" photonscm’?, respectively. The color
scale of the images is 25 nm.
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Figure 4.141 um x 1 um AFM images of 193 nm PR after differerposure protocols at a substrate
temperature of 25 °C: simultaneous VUV/electronasxpe with different electron fluences (a) no etats
(b) 1 mGem? (c) 4 mCem? (d) 8 mCcm? simultaneous ion/electron exposure with differefectron
fluences (e) no electrons (f) 1 re@1? (g) 4 mCGem? (h) 8 mGem?; simultaneous ion/VUV/electron exposure
with different electron fluences (i) no electrof)si{ mCcm? (k) 4 mCGem? (I) 8 mGem The 150 eV Ar ion
and VUV photon fluence was kept the same: I%idhscm? 4.8x13’ photonscm?, respectively. The color
scale of the images is 25 nm.

4.9 Conclusion

In summary, energetic plasma species modify 193Pfninto a layered structure. We
have observed enhanced surface roughness with simolisanexposures, providing a
combination of a surface carbon-rich layer (~2 nm) from Ar lmmbardment and a bulk-
scissioned layer (~100 nm). The scissioning agentsbeagither VUV photons or low fluence
electrons (1 m&m?). Bulk cross-linking induced by high fluence electrop@sure (8 m&m?)
suppresses surface roughening. It is possible to cont®l PR surface roughness by
manipulating energetic species flux and substratepéeature, while the dynamic nature of
surface roughness evolution challenges current unddmstaand clearly requires further studies.
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Chapter 5

lon and VUV Effects in Surface Roughening of
193 nm Photoresist-associated Homopolymers

5.1 Abstract

While the effects of ions and vacuum ultraviolet (VUdAotons have been identified and
a bi-layer wrinkling mechanism has been proposed amdritbed in chapter 4, the role of
different pedant groups in 193 nm photoresist (PR) rouggeemains poorly understood. This
chapter presents the results on roughening of 193 nms&#tiated homopolymers under 150
eV Ar ion bombardment and 147 nm VUV photon irradiati®oly-(2-methyl-2-adamantyl
methacrylate) (p-MAMA) and poly-(R-functionalized adamantythacrylate) (p-RAMA) are
the chosen materials. P-MAMA is the leaving group pfiRIAMA is the polar group in 193 nm
PR. Monitored by ex situ transmission FTIR and io siass spectrometry, p-MAMA undergoes
temperature-dependent bulk degradation during VUV sug while p-RAMA is relatively
insensitive to VUV. We identify the adamantyl leayigroup as one of the main photolysis
products from p-MAMA. Higher substrate temperatures irsgdhe vapor pressure and facilitate
desorption of the detached adamantyl leaving grolng ddamantane loss/detachment shows
strong correlation to PR surface roughening. A bi-layemkling mechanism is used to
qualitatively explain the observed surface roughenirige present results demonstrate that PR
leaving group content and structure can couple tay@astch processes and strongly alter post-
etch surface morphology.

5.2 Introduction

The relatively low etch resistance and tendencsotmhen observed with methacrylate-
based 193 nm photoresist (PR) are generally attribtdeifs high oxygen content.[19] To
achieve both lithography and subsequent plasma mghirements, 193 nm PR has been
formulated with functional groups suitable for 193 nniiigxposure.[7] The adamantyl pendant
group was added to improve etch resistance.[140] BPyhtadamantyl methacrylate (MAMA)
was then designed to be cleavable by photogeneagidd and has become a commonly used
leaving group.[8] Lactone groups are also incorporatemdrease the polarity of the polymer
and solubility in aqueous alkaline solutions.[14&LR-functionalized adamantyl methacrylate is
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the third functional group in 193 nm PR to improve aibe of the material. These different
functional groups could complicate the analysis of hamng mechanisms.

On the other hand, plasma-generated vacuum ultraviglelv) photons have been
observed to play a role in both roughening and smogtbf PRs. However, its synergism with
other plasma-generated species and the mechanismsiadsd with the resulting polymer
texture are not well understood. Moreover, plasma exgatsrhave shown that poly-(2-methyl-
2-adamantyl methacrylate) (p-MAMA), which is the leaviggoup in 193 nm PR, tends to
roughen more compared to 193 nm PRs and associateel wmublymers.[14, 89, 142, 143]
Surface roughening rate of adamantyl PR was correlateteposited energy density during
plasma processes.[15, 144pwever, the interaction between the leaving group pladma-
generated VUV radiation remains unanswered.

In order to clarify the polymer structural dependenceughening, we further study the
effects of ions, VUV photons and substrate heating3shnn PR and associated homopolymers.
We demonstrate that VUV exposure of PRs cleaves thmatyl leaving group through in situ
mass spectrometry. The adamantane loss/detachmieighly correlated to surface roughening
of PRs, but only in the presence of simultaneousmmbardment. The specific role of ions and
VUV photons in material modification will be presented bi-layer wrinkling mechanism is
proposed to qualitatively explain enhanced roughepingerved under simultaneous ion/VUV
exposure and moderate substrate heating.

5.3 Experimental Setup

The details of the beam system are described in Qh2pTde beam sources used in this
study were the ion source and the VUV source. Thersekic of the system setup is shown in
Figure 5.1. The 150 eV Ar ion current at the sampktipm was measured with Faraday cup 1
(aperture size ~4.55xT@n?). An ion current of 2.8x1d ions-cnf-s* (+10%) is used and a 1 h
exposure resulted in an ion fluence of 1.0%16ns-cnf (+10%). The 147 nm VUV photon flux
irradiating on the sample surface was ~1.34%fhotons-c-s’, corrected by an incidence
angle of 45° to the surface normal. 1 h VUV irradiatiosuteed in a photon fluence of 4.8%10
photons-crif. The bulk chemical modification was characterizedhwéix situ transmission
Fourier transform infrared (FTIR) spectroscopy. The phetslgroducts were monitored with in
situ mass spectrometry. The surface morphology of samphs imaged by atomic force
microscopy (AFM) in tapping mode. Root mean square (R84#&pace roughness measurements
were performed on multiple AFM scans at different sarppkations.
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(a) Mass spectrometer (b) Mass spectrometer

E—

Faraday cup 1

, | Ion source

VUV source

Figure 5.1 (a) Side view of the beam system (b) cross sedtienw of the beam system at plane A labeled in

(a).

5.4 Arlon Bombardment on p-MAMA and p-RAMA: Physicgb@tering of PR
Surface

150 eV Ar ion bombardment on methacrylate-based PRdtsein physical sputtering
and near-surface region modification. The thicknessi®fian-modified layer is about 1.5-2 nm
with a density of about 1.8-2.4 g-@mlt is also expected that this surface layer is uraer
intrinsic compressive stress, roughly on the order of aG@a. Detailed discussion can be found
in Section 4.4.

To describe the sputtering behavior of organic mater@hsishi et al. have proposed a
“N/(Nc-Np)” parameter, where N, Nand N, are the total number of atoms, the number of
carbon atoms and the number of oxygen atoms in a regeanit, respectively.[19] They
showed that the sputtering yield of many polymerseumoh bombardment is proportional to this
parameter, which is inversely proportional to “effectiabon content” in the polymer. The
“Ohnishi parameters” are fairly similar for 193 nm PR (4.@/MAMA (3) and p-RAMA (3.36).
This implies that ion modification, which is limited the top 1-2 nm of the polymers, should be
similar among the three materials. Finally, the surfacghness of pristine PRs is about 0.3-0.4
nm. The AFM images of p-MAMA, 193 nm PR, and p-RAMA eaftl150 eV Ar ion
bombardment are shown in Figure 5.2. At 65 °C, 1 lwoofbombardment increases surface
roughness to ~2.1 nm for p-MAMA, ~2.3 for 193 nm PR ah® nm for p-RAMA.
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Structure

(€) o

10 nm

193 nm PR

| () i 0 nm

Figure 5.21 um x 1 um AFM images of p-MAMA (a) 25 °C, (b) 85, 193 nm PR (d) 25 °C, (e) 65 °C, and
p-RAMA (g) 25 °C, (h) 65 °C after 150 eV Ar ion bbardment. The chemical structures of polymers @ a
shown here, (c) p-MAMA, (f) p-193 nm PR, and (iR&\"MA. The Ar ion fluence was 1x1dions-cnf. The
color scale of the AFM images is 10 nm.

5.5 VUV lIrradiation on p-MAMA and p-RAMA

While ion-induced modification is limited to the nearmface region, transmission FTIR
is used to monitor the bulk chemical change caugedWV irradiation. The transmission FTIR
spectra of p-MAMA and p-RAMA after 1 h of VUV irradiati@re shown in Figure 5.3 and 5.4,
respectively. The substrate was maintained at variemperatures (25-65 °C) during exposure.
The results show that p-MAMA is more susceptible toWWUradiation. The loss of ester
linkages (1720 cif) (Figure 5.3a), C-O-C bonds (1050-1300gn@Figure 5.3b), and CHCHs
moieties (2800-3100 ¢ (Figure 5.3c) are enhanced by increasing the subseatperature.
On the other hand, p-RAMA is relatively stable under shme fluence of VUV exposure, and
the decrease of the FTIR absorption peak is not depe¢rmh the substrate temperature (Figure
5.4). We note that both polymers are thermally stabthese temperatures. Thg af p-RAMA
is ~228 °C, but we were unable to determine thefTp-MAMA before decomposition. The
decomposition temperatureg)Tof p-MAMA has been reported as 204 °C.[8] Samplesgssed
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with heating only (65 °C) for 1 h were examined with RThnd no absorption peak changes
were observed.

(a) C=0 bonds (b) C-O-C bonds
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Figure 5.3 Transmission FTIR spectra of p-MAMA after 1 h of7ldAm VUV photon irradiation. (a) C=0
bonds (1675-1800 ch) (b) C-O-C bonds (1050-1300 &n(c) CH/CHs bonds (2800-3100 ¢ The VUV
fluence was 4.8x10photons-cr.
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Figure 5.4 Transmission FTIR spectra of p-RAMA after 1 h of71dm VUV photon irradiation. (a) C=0
bonds (1675-1800 ¢t (b) C-O-C bonds (1050-1425 &n(c) CH/CH; bonds (2800-3100 cf). The VUV
fluence was 4.8x10photons-cr.

After VUV-only irradiation, the surface roughness of allypoers remains similar to that
of unprocessed films (~0.3 nm), even at higher substeatpdratures. AFM images of VUV-
processed polymers are shown in Figure 5.5. While \feMfation alone does not roughen the
PR at all, FTIR spectra clearly show that VUV-induaiimage is highly dependent on the
polymer structure.
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25°C 65 °C Structure
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Figure 5.51 um x 1 um AFM images of p-MAMA (a) 25 °C, (b) 85, 193 nm PR (d) 25 °C, (e) 65 °C, and
p-RAMA (g) 25 °C, (h) 65 °C after 147 nm VUV photamadiation. The chemical structures of polymeams a
also shown here, (c) p-MAMA, (f) p-193 nm PR, aijdptRAMA. The VUV photon fluence was 4.8x10
photons-cm. The color scale of AFM images is 2.5 nm.

In situ mass spectrometry was further used to moniterpimotolysis products. The
residual gas mass spectra of p-MAMA, p-RAMA and 193Riare shown in Figure 5.6. The
spectra were taken after 1 min of VUV exposure with a\luence of ~8x1& photons-cm.
Except for subtraction of the background signal, no furtignal processing was performed. The
substrate temperature was held at 65 °C. All masstrspare plotted on the same scale to
facilitate direct comparison. For p-MAMA (Figure 5.6a)e wbserve several main photolysis
products, including ki(m/z = 2), CO (m/z = 28), Cm/z = 28, 44) and a peak at m/z = 148
representing the adamantyl leaving group (2-methyliddereantane, GHi¢). Peaks from m/z =
60-140 can be attributed to the cracking pattern ofattemantyl leaving group, with the peak
clusters separated by about 14 amu intervals.[145hd%e that the PR leaving group is designed
to be cleavable by photogenerated acids upon 19%awelength exposures. The present result
suggests that 147 nm photons can either directhclatihe adamantyl-ester linkage or generate
protons to cleave the leaving group.
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Figure 5.6 Residual gas mass spectra of (a) p-MAMA, (b) 193RR3 and (c) p-RAMA after 1 min of VUV
exposure. The substrate temperature was maintair@gsl °C.
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For 193 nm PR (Figure 5.6b), the main products are(®, and CQ We observe the
peak of the adamantyl leaving group and lactone (n88)=However, the adamantane signal is
small compared to that from p-MAMA. This result is exelcbecause the total adamantyl
leaving group content is less in the 193 nm PR stract

For p-RAMA, mass spectrometry results are consistettt WI'IR, showing that it is
relatively insensitive to VUV exposures. The signaigi,, CO, and C@are smaller compared
to p-MAMA and 193 nm PR, and no high mass products ma identified. It shows that the
tertiary carbon adamantyl ester of p-RAMA is not easigavable by VUV photons (Figure
5.5i), perhaps because of the strain in the adamawtatie structure.[8] The formation of a
C=C bond requires a Sphybridization which is unlikely to maintain the kbrangle in
adamantane structure. Whereas in the case of p-MANRmMethyl group on the C-2 position
(Figure 5.5c¢) is free from ring strain and thus a C=C hsmstihble.

To quantitatively compare the results, the raw sigf@unts-8) from the mass
spectrometer must be corrected by the species’ electmpact ionization cross section,
transmission efficiency and detection coefficient. Tigaa from detection of neutral species in
the mass spectrometer is given by

S:a'le'o-'nionizer (51)

S The measured signal in counts-s
I The electron current in the ionizer of the mass spewter
o The cross section of electron impact ionization
Nionizer The number density of the species in the ionizer

a=p-tm/2)-0(m/2)-| .4 (5.2)
p The extraction efficiency of the ions from the ionizer
t(m/ 2) The transmission efficiency of the quadrupole mass filte
é(m/ z) The detection coefficient of the channeltron detector

| cage The length of the ionizer cage
where transmission efficiency and detection coefficamet both dependent on species mass-to-
charge ratio (m/z).

To simplify our analysis, we only compare direct i@tian signals from kK (m/z = 2),
CO; (m/z = 44) and the adamantyl leaving group (m/z = 1d@8pse most intense peak is the
parent peak (A»A"). The partial ionization cross section at 70 eV etectimpact is chosen as:
oy, = 0.93 K, 0., = 2.26 K from literature.[146, 147] The total ionization crogection of
adamantyl group is estimated to be 13[#48] This value is close to that of benzeneHg}, a
lower limit for hydrocarbons with similar sum formula orusture.[149, 150We note that the
use of a total ionization cross section will be aperdimit for the partial ionization cross section
appropriate for quantitative analysis. Previous result® fitee same mass spectrometer suggest
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t(m)9(m)=m"*, and the extraction efficiency of direct ionization prot is independent of
mass?® The calculated values of,lnd the adamantyl leaving group are normalized t€the
value from the same polymer, respectively. Resultssai@vn in Table 5.1. For all three
materials, CQ@ is the most abundant photolysis product and madechydrogen (B is the
second most abundant product. The correlation betws®tolysis products and surface
roughness of polymers under simultaneous ion/VUV expmosull be presented and further
discussed in following sections.

Table 5.1Relative photolysis product content of p-MAMA, 186 PR and p-RAMA normalized to its GO
content. The VUV exposure time was 1 min. The sabstemperature was maintained at 65 °C.

. , : Relative content
1 min of VUV exposure Main photolysis products versus CO,
CO, 100.0%
pP-MAMA H, 9.4%
Adamantyl leaving group 9.4%
CO, 100.0%
193 nm PR H, 5.6%
Adamantyl leaving group 0.8%
0,
D-RAMA CO; 100.0%
H, 26.7%

5.6 Simultaneous lon and VUV Exposure on p-MAMA and ANRA

The AFM images of p-MAMA, p-RAMA and 193 nm PR aftemsitaneous 150 eV Ar
ion and 147 nm VUV exposures are shown in Figure Bhié samples were processed with the
same ion and VUV fluence (1.0xf0ons-cnf, 4.8x13’ photons-cii) over 1 h of exposure.
Two sets of substrate temperatures were chosen: 25 §@r¢F.7a, d, and g) and 65 °C (Figure
5.7b, e, and h).

We observe that a higher substrate temperature resulisrougher surface for each
material. Also, under the same condition, p-MAMA ubstantially rougher than 193 nm PR and
p-RAMA. P-RAMA is the smoothest of the three materi#tlss worth noting that the degree of
surface roughening of 193 nm PR processed at 65 °C (Fagte¢ is comparable to that after Ar
plasma treatment with similar ion and VUV fluence,5-8m.[82] The severe roughening of p-

54



MAMA is also consistent with reports from plasma expents.[14, 89, 142] As presented and
discussed in previous sections, VUV-only or ion-ontp@sures do not give the same degree of
surface roughness. Enhanced surface roughness is adweld after simultaneous exposures,
when both ion sputtering and VUV-induced photolysipgen at the same time.[80, 81] Because
ion bombardment renders similar modification on PR sarfélte difference in VUV-induced
photolysis could be the key factor in PR surface heming upon simultaneous ion/VUV

exposure.

25°C

65 °C

Structure

(@)

193 nm PR p-MAMA

p-RAMA

7.25

(b) 32.85

CHs

Ho I}
c—cC
| X

cC—0

200 nm

0 nm

Figure 5.71 pm x 1 pm AFM images of p-MAMA (a) 25 °C, (b) 85, 193 nm PR (d) 25 °C, (e) 65 °C, and
p-RAMA (g) 25 °C, (h) 65 °C after simultaneous 1&@ Ar ion and 147 nm VUV photon exposure. The
chemical structures of polymers are also shown, {ejg-MAMA, (f) 193 nm PR, and (i) p-RAMA. The Ar
ion fluence was 1xI8ions-cnf and the VUV photon fluence was 4.8%1photons-ci. The color scale of
the AFM images is 200 nm.

Figure 5.8 shows the temporal evolution of ¢fFigure 5.8a), C® (Figure 5.8b), and
adamantyl leaving group (Figure 5.8c) under VUV expestat 25 and 65 °C. The exposure

time was 1 h; VUV was turned on at O min and off@Gu@n.
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Figure 5.8 Temporal evolution of photolysis products under Vexposure (a) K (b) CO, and (c) adamantyl
leaving group.
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Two phenomena are observed. First, the photolysisuptosignal peaks at the first
minute of exposure and then gradually decreases fothade polymers at both processing
temperatures. This suggests the saturation of thetgadion depth of photons in PRs. The
saturation of VUV penetration in methacrylate-based R been simulated and verified by
experiments.[119] At first, photons rapidly cleave thg/gen-containing linkages in the near-
surface region of polymers. Desorption of photolysis prtsdaliow photons to further penetrate
and release materials in the bulk film since the rem@i€-C and C-H bonds have a lower
absorption cross section in the VUV region of intehese. However, the photons are ultimately
absorbed by these remaining carbon-carbon and carbon-leydbogds (albeit requiring deeper
penetration) and thus the penetration depth satur&§esond, higher substrate temperatures
result in higher material loss.

Nelea et al. have reported mass spectrometry result2l06 nm VUV exposure on
polyethylene (PE), polypropylene (PP), polystyrene (P8ly (ethylene terephthalate) (PET),
and polyamide-6 (PA).[151] For all five polymers inveatigd, the primary product was
molecular hydrogen. In our studies, £0© the most abundant photolysis product and madecul
hydrogen (H) is the second most abundant product for all threerratéTable 5.1 and Figure
5.8). The difference might be attributed to higher catre¢gion of oxygen-containing moieties in
PRs. In general, the ester and lactone species hglverlphoton absorption cross sections than
alkane and alkene in the VUV region of interest h&B2{155] Our result from mass
spectrometry is also consistent with the higher ivaetl loss of oxygen-containing absorption
peak obtained from transmission FTIR.

As mentioned earlier, higher oxygen-content generafiylte in lower etch resistance for
193 nm PRs as compared to other PRs. However, oxggetent itself cannot explain the
enhanced surface roughening under simultaneous ioh/€kposure and moderate substrate
heating. First, p-MAMA and p-RAMA have similar densd#tief ester linkage, but p-MAMA is
severely roughened compared to p-RAMA under the samegsing condition (Figure 5.7).
Moreover, from our mass spectrometric study, the generafi@®, upon VUV exposure is not
correlated to the surface roughness. While 193 nm RRpaWMAMA generate comparable
amount of CQupon VUV irradiation, the surface roughening of 193PRis considerably less
than that of p-MAMA (Figure 5.7). Lastly, the generatadrH, does not appear to correspond to
PR surface roughening, either.

The only distinctive factor is the cleavage and desmmpf the adamantyl leaving group
upon VUV exposure (Figure 5.6 and 5.8). The higheratiamantyl leaving group loss, the
higher the surface roughness of processed polymer (FgryeFigure 5.9a shows the temporal
evolution of the adamantyl leaving group for p-MAMA @ndVUV exposures at various
substrate temperatures. It clearly demonstrates tghehsubstrate temperatures result in higher
adamantyl leaving group loss.

Figure 5.9b shows the relationship between relatdesreantyl leaving group loss and
adamantane vapor pressure. The relative loss is caldwg normalizing the area integral of the
mass spectra raw data (Figure 5.9a) to that at 651€adamantane vapor pressure data is taken
by interpolation from the literature values.[156] hosvs a fairly good linear relationship,
suggesting the increased loss of the adamantyl lgayioup is controlled by its vapor pressure.
It also suggests that at a higher substrate temperatWV photons can penetrate deeper into p-
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MAMA film because the cleaved adamantyl leaving gsoape ready to leave without absorbing
excess incoming photons. It is worth noting thatstracture of the adamantyl leaving group is
slightly different from adamantane, with an additio@#C double bond at the C-2 position
(Figure 5.9b). However, it is likely that the thermodyn@ properties of these two compounds
are similar, and the increased loss of materials caxjplained by the change of vapor pressure.
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Figure 5.9 (a) Temporal evolution of the adamantyl leavingugraof p-MAMA under VUV exposure at
various substrate temperatures. (b) Relative adfriaaving group loss versus adamantane vapospres

Lastly, simultaneous ion/VUV exposures were done éMAMA at various substrate
temperatures, and the AFM images are shown in Figdt@ A higher substrate temperature
results in higher surface roughness.

200 nm

25°C 45 °C 55 °C 65 °C
(@ 7.25 (b) 10.91 (c) 21.33 (d) 32.85

p-MAMA

0nm

Figure 5.101 um x 1 um AFM images of p-MAMA after simultaneoigs/VUV exposure at various
substrate temperatures (a) 25 °C, (b) 45 °C, (¢&%nd (d) 65 °C. The Ar ion fluence was 1¥1i6ns-cnf
and the VUV photon fluence was 4.8*1photons-cm. The color scale of the images is 200 nm.
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From FTIR spectra, the loss of the £EH; absorption peak for simultaneous ion/VUV
exposure is less than that for VUV-only exposure, asvshin Figure 5.11. It suggests that the
highly carbon-rich surface layer caused by ion bombandin@ders the desorption of detached
adamantyl leaving groups. However, as mentioned eathe formation of an ion-modified
layer requires a period of 0.5-1 min under our experinhamadition. Significant amount of
adamantyl leaving groups would have been desorbedebéti@ complete formation of this
surface layer. Moreover, since this layer will give resitiicto all the ion-bombarded conditions,
a comparison by the mean of “relative loss of adamade&yling group” is legitimate. It is noted
that “relative loss of adamantyl leaving group” is dilg measured and calculated from mass
spectrometry measurements. It is also an index of Mwévietration and adamantyl group
detachment. A higher degree of adamantane losgeflss to deeper modification and a greater
extent of detachment.
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Figure 5.11Transmission FTIR spectra of p-MAMA in the regioh@H,/CH, bonds (2800-3100 ch after
(a) simultaneous ion/VUV exposure, (b) VUV-onlyaidiation at various substrate temperatures. Thawr
fluence was 1x18 ions-cri? and the VUV photon fluence was 4.8*1photons-cr.

In Figure 5.12a, we plot the surface roughness of p-MAMA 193 nm PR caused by
simultaneous ion/VUV exposure versus the relative tdssdamantyl leaving group by VUV-
only exposure. A good correlation observed here suggiestigher adamantyl leaving group
loss/detachment is associated with higher surfacehrass. In Figure 5.12b, the dominant
lateral characteristic wavelengths, i.e. roughnedsifeavidth, caused by simultaneous ion/VUV
exposure are plotted against relative adamantyl Igagnoup loss by VUV-only exposure. It
also shows a good correlation; higher adamantyl hepgroup loss/detachment results in longer
lateral wavelength. It clearly suggests that the ks$ detachment of adamantane plays a key
role in PR surface roughening. We will discuss the iptsssnechanism in the following section.
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Figure 5.12(a) Surface roughness resulting from simultaneoufViUV exposure versus relative adamantyl
leaving group loss caused by VUV-only exposure. [minant lateral wavelength resulting from
simultaneous ion/VUV exposure versus relative addyhdeaving group loss caused by VUV-only exposure

5.7 Discussion

We have shown a strong correlation between the lessldment of adamantyl leaving
group and surface roughening of PRs with simultaneons/UV exposure. VUV irradiation
causes a modified bulk region as observed from transmi$siIR and mass spectrometry. As
reported in previous studies and discussed in théeeeadctions, ion exposure of PR materials
results in a near-surface layer with a probable compeessiress of about a few GPa.
Simultaneously exposing PR to ions and VUV photihresefore confers a bi-layer character to
the PR.

As summarized in Section 4.6, Bruce et al. have sigdea bi-layer wrinkling
mechanism to explain nanoscale surface roughening dympos under plasma etch
conditions.[131] In short, to initiate the wrinklinghenomenon on a bi-layer system, the
overlayer has to be under a compressive steesshich is above the value of critical stress,

If both layers are assumed to be elasfids

O E [3EE)]T
7T T ) E, 1)

wherekE is the elastic modulus, is the Poisson’s ratio, and subscrip@nds denote the stiff
overlayer and compliant underlayer, respectively.

(5.3)
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In the small deformation limit, the equilibrium amptie, A , and wavelength, , can be
readily derived as shown here:

A= h(i— j (5.4)
GC
E [@-v2)]”
A= 2ﬂh[f(1_—vf2ﬂ (5.5)

whereh is the thickness of the top layer.

We note that both amplitude and wavelength are priopaitto E;*°, whereE; is the

elastic modulus of the compliant underlayer. A decreaselerlayer modulus will increase both
the equilibrium amplitude and wavelength of the wignkn other words, if an agent could
reduce the modulus of the underlayer, it would thenmfiaghe wrinkle formation according to

this theory.

Bruce et al. showed that a 150 eV Ar ion modified serfager with an intrinsic stress of
~-17.3 GPa was sufficient to induce a few nanometersuidhce roughness with a dominant
wavelength of tens of nanometers on Ar plasma-procesSdd3] In the present case, we
assume the properties of the ion-modified layer are unydthat different temperatures, and the

only variable that can change is elastic modukys,of the underlayer. With these assumptions,

the model stipulates that for p-MAMA, a decrease oftelasnodulus of roughly 2 orders of
magnitude is needed to obtain a ~4.5 times increBBMS surface roughness and a ~3.3 times
increase of the dominant wavelength from 25 to 65 °@eérease of polymer elastic modulus
by 2 orders of magnitude is in fact usually observe@mthe temperature is close to its glass
transition temperature g). If the Ty of the VUV-modified underlayer can be shown to decrease
when the temperature approaches 65 °C, then the adsi texturing could be qualitatively
explained by the proposed wrinkling mechanism.

As mentioned in Section 4.5, Pargon et al. providederimental evidence that after
plasma VUV exposure, the bulk, 193 nm PR decreased to ~110 °C.[98 suspected that
detached free lactone and adamantyl group may stineifilm and act as plasticizers to soften
the film.[90, 93] Also, main chain scissioning couétke place and thus decrease thefTthe
polymer matrix.[115] The role of adamantyl groups in 188 PR appears to be crucial. The
adamantane moiety was first added to methacrylatedlyaslgmers to increase etch resistance.
Besides improving the etch resistance of PR, rigidmaohyl pendant groups also increase
polymer T.[157] In the early 1990s, Matsumoto et al. showed for 1-adamantyl methacrylate
copolymerized with methyl methacrylate, the increafsadamantane content increased thefT
polymers from ~120 °C to above 200 °C.[158]

We have shown that VUV exposure leads to cleavadedasorption of the adamantyl
leaving group. Moderate substrate heating elevatesmaugl vapor pressure, resulting in
enhanced adamantyl desorption. This resulting declieaadamantane content should greatly
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decrease ¢ Without the RAMA component, the, Bf VUV-exposed p-MAMA is expected to
be even lower than that of VUV-exposed 193 nm PR (°I1,0as measured by Pargon et al.).
We cannot directly measure the amount of adamantylingagroups whose desorption is
hindered by the ion-modified layer. However, they caraamlasticizers to also decreageaid

E, of the VUV-modified underlayer.[90, 93] Scott et al. repd that addition of plasticizers into

PMMA greatly reduced theglof PMMA from 120 °C to below room temperature, depegdn

the type and volume fraction of plasticizer used.[1\8®h a 30 vol% of plasticizers in PMMA,
roughly 2 orders of magnitude decrease of elastic moduassreported at 80 °C, close to the
temperature in this study. We propose that the comsbé@ifect, namely desorption of adamantyl
groups and detached adamantane acting as plastioiaineduce the § of the underlying film
sufficiently to account for the reported polymer surfaeeturing in the context of wrinkling
theory. While we cannot rule out the mechanism odd®td lactone groups acting as plasticizers
in the polymer film, the fact that p-MAMA is significdptrougher than 193 nm PR suggests that
loss/detachment of the adamantyl group by VUV isdbminant factor. This effect is clearly
shown in Figure 5.12.

However, it is important to keep in mind that durenggual plasma etch or simultaneous
ion/VUV exposure, the film properties are varying intbatepth and time. The photolysis
products trapped by the ion-modified layer also posdiblid up out-of-plane stress to this layer,
especially under moderate substrate heating. The wrghkheory described above refers to a
system which does not account for the dynamic chahgeems clear that a more sophisticated
analysis of the film mechanical behavior is requiretutther describe PR surface roughening in
detail. Also, further studies have to be carriedinurder to directly compare surface roughness
of blanket film with roughness developed on patterredes, which bear different boundary
conditions.

Although we chose to employ a simple plasma chewisimely Ar, we recognize that
more complex plasma chemistries may well involve @altil roughening mechanisms. For
instance, VUV flux and wavelength are different in othnert gas plasmas.[84] Fluorocarbon-
containing plasmas lead to a competition betweehireg and fluorocarbon polymer deposition.
Moreover, C and CF-related VUV emission in the 150-2b® wavelength range strongly
modifies 193 nm PR.[50] Thermal stress-induced instgkahd micromasking have also been
proposed to explain the roughening of 193 nm PR uiiderocarbon-containing plasma
etch.[13] It is clear that further studies of plasmanuilséy and its effects on mechanical
properties of treated materials are crucial to establibletter understanding of PR roughening
mechanism.

5.8 Conclusion

Results from vacuum beam experiments on commercialanstlate-based 193 nm PR
and its homopolymer constituents show that p-MAMA hiegher VUV sensitivity compared to
193 nm PR and p-RAMA. Besides,HCO, and CQ the adamantyl leaving group is one of the
main photolysis products. Observed loss of adamagaylihg group is highly correlated with its
change in vapor pressure as the film temperature in&eals®, adamantane loss/detachment is
suggested to lower they Of the polymer and thereby decrease its elastic mediMe have
observed enhanced surface roughening with simultanepu¥UV exposures, providing a
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combination of a surface carbon-rich layer (~2 nm) from Ar bmmbardment and a more
compliant underlayer as induced by photolysis from MVithediation. Under the same conditions,
the surface roughness of p-MAMA is much higher than @hd93 nm PR and p-RAMA. It can
be qualitatively explained by a stress-induced wrimtklimechanism: loss/detachment of the
adamantyl leaving group lowers thg &nd elastic modulus of the polymer film and thus
increases both equilibrium amplitude and wavelength.conclude that the behavior of the PR
leaving group during plasma exposures is a key factofutore design of PR materials and
plasma etch processes.
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Chapter 6

Plasma Deactivation of Endotoxic Biomolecules:
Vacuum Ultraviolet Photon and Radical Beam
Effects on Lipid A

6.1 Abstract

Low-pressure plasmas are promising techniques for sustaciization of bacteria and
deactivation of harmful biomolecules. It is widely epted that plasma-generated energetic and
reactive species are responsible for plasma-inducetizsteoin; however, how these species act
alone or synergistically to deactivate endotoxicnimtecules is not completely understood.
Using a vacuum beam system, we study the effectsaofium ultraviolet (VUV) radiation,
oxygen and deuterium radicals on lipid A, the immutiexglating region of lipopolysaccharide
(LPS). VUV-induced photolysis causes bulk modificatimhexposed lipid A film up to the
penetration depth of VUV photons, ~200 nm. On thewottand, radicals mainly cause chemical
etching and modification near the surface of lipid Anfl The fatty acid chains and the
phosphate groups, key structures governing the endoaokivity of lipid A, are greatly reduced
after beam exposures. Although radical-induced etcd witlipid A is lower than VUV-induced
photolysis, secondary ion mass spectrometry (SIM3) lamman whole blood-based assay
suggest radicals render a higher degree of modificatitredtlm surface. This study contributes
to the fundamental understanding of plasma effects lomolecules for better
sterilization/deactivation schemes and applications.

6.2 Introduction

Studies have found protein and endotoxin contaminaiio ready-for-use instruments in
healthcare facilities.[30-33] This has raised conceohstransmission of Creutzfeldt-Jacob
diseases (CJD) and the sepsis syndrome caused byeriblacpyrogens, such as
lipopolysaccharide (LPS), the major component of théeremnembrane of Gram-negative
bacteria.[34] Low temperature plasma-based technol@gepromising alternatives to sterilize
bacteria and deactivate virulent biomolecules from swoeface of heat-sensitive medical
instruments.[37-39] The effects of plasmas on a bioklgiarget are typically attributed to
plasma-generated energetic and reactive species;vhoweow these species act alone or
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synergistically on biomolecules is not completehderstood. To investigate the mechanisms of
biomolecule deactivation, we chose lipid 8ajmonella minnesot®e 595 mutant), the primary
immune-stimulating region of LPS, as our model biomdalkecAs shown in Figure 6.1a, lipid A
typically consists of #(1-6)-linked D-glucosamine disaccharide carrying twogghoryl groups

at positions 1 and 4’. This hydrophilic backboneatsached to four acyl chains by ester
(positions 3 and 3’) and amide linkages (positions @ an. These chains can be further
substituted to provide lipid A molecules with upseven acyl substituents.[67] FBalmonella
minnesotaRe 595 mutant, non-stoichiometric substitutions hoeve with dashed bonds.

As mentioned earlier, LPS (mainly via its lipid A coomgnt) is capable of inducing the
sepsis syndrome. LPS-induced sepsis is the conseguehaysregulation of an initial,
appropriate host immune response. Cells of the inmateune system, such as monocytes and
macrophages, can recognize LPS through Toll-like recdp(®LR-4) and protein complexes to
initiate the secretion of a range of pro-inflammatory pnsteincluding interleukin-fi (IL-1p),
IL-6, and tumor necrosis factor{ TNF-o). Local inflammation of an infected tissue is of course
necessary in combating infection; however, the syistaniflammatory reaction can become
dysregulated and lead to sepsis.[34, 77]

It is known that endotoxic activity of lipid A is ginly correlated to its molecular
structure in order to be recognized by cell receptorgh@iphorylatedp(1-6)-linked D-
glucosamine disaccharide backbone carrying six dtwgins, such ak. coli. lipid A, expresses
the highest endotoxic activity. Any deviation fromististructure reduces its activity, e.g. the
number and length of acyl chains, the phosphorylagtate, and the disaccharide residue. For
example, monophosphoryl lipid A is about a 1000-felsklactive thak. coli. lipid A. Synthetic
tetra-acyl lipid A (compound 406) not only lacks enddtoactivity, but also inhibits normal
lipid A signaling.[67]

Using a high vacuum beam system, we herein reposftaets of VUV photons, oxygen
and deuterium radicals on lipid A deactivation. Oxygsd hydrogen plasmas have been the
choice of many plasma-sterilization studies becauskenf oxidative nature and high UV/VUV
photon flux, respectively. We demonstrate that VUV-ietl photolysis and radical-induced
chemical etching are able to damage lipid A’'s molacwtructure and reduce its endotoxic
activity. These results contribute to the fundameutalerstanding of plasma-generated species
interaction with biomolecules.

6.3 Materials, Experimental Setup, and Sample Chainaaten

The chemical structure of lipid A molecules usedhis tstudy is shown in Figure 6.1.
Sample preparation procedures are described in det@hapter 3. The diphosphoryl lipid A,
obtained by hydrolysis dbalmonella minnesot®e 595 mutant LPS, was observed as a mixture
with various non-stoichiometric substitutions and roolar masses by a quadrupole time-of-
flight (Q-ToF) mass spectrometer equipped with an elgataysionization (ESI) source. The
negative-ion ESI mass spectrum of unprocessed dipbodplipid A is shown in Figure 6.2.
Labeled major peaks indicate intact, deprotonated Bpmolecules, [M-H]. Figure 6.3 shows
possible molecular structures with variations in nomekiometric substitutions. To obtain
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clearer results, further ESI-MS measurements were carriedithu synthetic monophosphoryl
lipid A with a well-defined molecular mass and struct@®shown in Figure 6.1b.

(a) Lipid A ( Salmonella minnesota Re 595) (b) Synthetic monophosphoryl lipid A
NH,
Q
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Figure 6.1 Chemical structure of (éalmonella minnesotRe 595 Lipid A, (b) synthetic monophosphoryl
lipid A.
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Figure 6.2 ESI mass spectrum of unprocessed diphosphoryl Apid
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(a) Cy4H178N2025P>, exact mass: 1797.2  (b) CggH157N3028P2, exact mass: 1928.3
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(c) C110H208N2027P2, exact mass: 2051.4 (d) C101H103N4031P3, exact mass: 2051.3
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(e) C112H214N3059P3, exact mass: 2158.5 (f) C117H223N4035P3, exact mass: 2289.5
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Figure 6.3 Chemical structure and molecular weightSafimonella minnesot&e 595 Lipid A with variations
in non-stoichiometric substitutions.

The surface morphology of spotted lipid A film was ireddy atomic force microscopy
(AFM) in tapping mode. Figure 6.4 shows a typical gmaf lipid A prepared by spotting 10
of 1 mg-mf* lipid A solution. Spotting did not form a continuoligid A film on the silicon
substrate. Instead, lipid A formed island-like aggregathere some bare silicon surfaces were
still exposed. The surface coverage was estimated & %.

Figure 6.4 Spotted lipid A formed island-like aggregates anths bare silicon surfaces were still exposed
(brown). The surface coverage was estimated tdbe& Fhe color scale of the image is 1.5 pum.
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The details of the beam system are described in Qh2ptde beam sources used in this
study were the VUV source and the radical source.sthematic of the system setup is shown
in Figure 6.5. The VUV source had a working distant&.4 cm to the sample position. The
photon flux at the sample position was calculatetete-1.37x18 photons-crf-s* (¥10%). 1 h
of VUV irradiation resulted in a fluence of ~4.9%{@hotons-cM (+10%). VUV experiments
were conducted at normal incidence. Oxygen and dauoteradicals were generated by a
thermal gas cracker. The source was operated at a pp@wenV for both oxygen and deuterium.
The absolute radical flux at the sample position wlzaracterized by threshold ionization mass
spectrometry (TIMS). The typical oxygen radical flux waa5x16° oxygen-cnf-s* (+10%),
and the typical deuterium radical flux was ~4.6%euterium-cri-s* (+10%).

A

(a) Mass spectrometer (b) Mass spectrometer
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Figure 6.5 (a) Side view of the beam system (b) cross sedtien of the beam system at plane A labeled in

(@).

The effects of beam exposures on lipid A samples vebiacterized with various
analysis tools. Endotoxic activity measurements weralucted by the human whole blood tests.
Bulk chemical modification was characterized with gk transmission Fourier transform
infrared (FTIR) spectroscopy. VUV photolysis productsrevenonitored by in situ mass
spectrometry. The quartz crystal microbalance (QCM) wusesd to monitor the in situ mass
removal during exposure. To obtain structural infornrmatblipid A film bulk, unprocessed and
VUV-exposed lipid A samples were analyzed using ESI-Mastly, time-of-flight secondary
ion mass spectrometry (ToF-SIMS) was performed withcarstary ion mass spectrometer to
probe the film surface structural modification.
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6.4 Endotoxic Activity Measurements

Figure 6.6 shows the endotoxic activity of unprocdssed processed lipid A samples,
which was monitored by measuring the secretedflinlnuman whole blood.

(a) Unprocessed serial dilution (b) VUV Photon fluence (1x10 *cm?)
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Figure 6.6 Endotoxic activity monitored by secreted IB-h human whole blood assay. Blood from 4 healthy
donors were incubated with (a) unprocessed seitigtiah, (b) VUV-processed, (c) O radical-processadd

(d) D radical-processed lipid A samples. The ebar for each data point stands for the standardatien
from 3 independent samples tested with blood frleenseame donor.

We report results obtained from 4 healthy blood dorfess.each donor, tests on serial
unprocessed lipid A samples were performed, as showagire 6.6a. Samples were prepared
by spotting serially diluted lipid A solution on Ud4Zone-cleaned silicon substrates. Spotting 10
ul of 0.2 mg-mit lipid A solution resulted in 2000 ng of lipid A filmsn the substrate. Similarly,

1 ng lipid A films were prepared by spotting iDof 100 ng-mif" lipid A solution. UV/ozone-
cleaned bare silicon did not activate IB-&ecretion. We note that the LPS/lipid A stimulatio
response from circulating leukocytes varies largely fradividual to individual. As shown in
Figure 6.6a, the secreted interleukin increases wateasing amount of lipid A and saturates at
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~100 ng for donor 1 to 3 and ~1000 ng for donor 4. Wtherblood is stimulated with 2000 ng
of lipid A, the difference between the highest respor{denor 4) and the lowest responder
(donor 3) is about 15-fold. Wurfel et al. reported thadarthe same stimulation condition, IL-
1B concentration, measured from 102 normal subjectdd aiffer by as much as 40-fold from

the highest to the lowest responders, placing outtsasell within this range.[78]

Processed lipid A samples were prepared by spottingl 1 a 0.2 mg-mt lipid A
solution on UV/ozone cleaned silicon substrates tagated with various beam exposures. The
results of endotoxic activity change after beam expasare shown in Figure 6.6b, c, and d for
VUV, oxygen radical, and deuterium radical exposurespectively. After 60 min of VUV
exposure (4.9xT0 photons-cii), the average IL{L concentration decreases to ~45% of the
unprocessed samples. For oxygen and deuterium radiqaseres, the average II31
concentration decreases with increasing exposure Bthenin of oxygen or deuterium radical
exposure (2.7x10 oxygen-crf; 1.7x13’ deutrium-crif) decreases the average Ip-1
concentration to ~31 and ~25% with respect to theracessed samples. Photon and radical
fluxes generated in our beam system are smaller compatbdt generated by a typical plasma
condition. A fluence received after 60 min of beam exp®ss typically equivalent to a few
minutes of a plasma exposure. [38, 82]

It is noted that there are larger variations for 10 ¥iilV exposures. For low responders,
IL-1B secretion increases somewhat compared to unproceasgies. We hypothesize that the
increased IL-f secretion is due to the NALP3-inflammasome pathjaé®] NALP3 belongs to
the family of intracellular receptors. It can recogniaeiaus non-microbial “danger” or “damage”
signals, such as monosodium urate crystals (MSUXxiwal pyrophosphate dihydrate, and
reactive oxygen species (ROS), to name a few. The ureshdL-13 is the sum of both cell
surface receptor TLR-4 pathway and intracellular recepé&\LP3 pathway. Molecular
fragments resulting from VUV exposures are suspectaadiace the NALP3 pathway. In short
term exposures, the suppression of TLR-4 pathway mightoa sufficient to counteract the
onset of NALP3 pathway, especially for low respondé&allowing this scenario, for longer
exposure time, the TLR-4 pathway is further diminisbed to the extensive damage of lipid A
molecules, and thus the overall IB-&ecretion is inhibited.

We emphasize here that Lipid A films are not readilylsie in human whole blood, and
thus the human whole blood assay used in this stuaiply monitors the change of the lipid A
film surface, where leukocytes contact the materialis Tassay suggests that under the same
order of magnitude of total fluence, radicals have bedtBcacy in damaging the immediate
surface of lipid A films. We will present and discus® timdividual species effect in the
following sections.

6.5 VUV-induced Photolysis

Transmission FTIR was used in this study to monhertiulk chemical change caused by
beam exposures. The FTIR spectra of lipid A film after V&Rposure are shown in Figure 6.7.
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Figure 6.7 Transmission FTIR spectra of lipid A after VUV expwe: (a) CH/CH; bonds (2800-3025cH),
(b) 1000-1800 ci The absorbance scale is different in (a) from Egch condition is an average of three
independent measurements.

The exposure time was increased from 10 to 60 min,treguh a VUV fluence of
8.2x10° to 4.9x10’ photons-ci, respectively. The most prominent absorption peak Iss
observed in the CHCH; region (2800-3025 cH, corresponding to the symmetric/asymmetric
stretching of aliphatic chains in lipid A (Figure 6).7a8hese aliphatic moieties are attached to the
disaccharide backbone by amide and ester linkagegir@=i6.1a). Examining the absorption
peaks for amides and esters, it is observed that waimide linkages remain relatively unchanged,
the ester linkages suffer significant loss (Figure 6.Bb¥ides ester and aliphatic moieties, signal
loss is also observed from phosphate and sugar redibm®over, the absorption peak loss
increases with exposure time.

Figure 6.8 shows the normalized absorption peakgu@gainst VUV exposure time for
both ester C=0 (1736¢h and CH asymmetric stretching (29208 First, based on the loss
fraction of CH and ester peaks (~30%), we estimate VUV photons meet200 nm into the
film after a 1 h exposure, roughly one third of the aowdithickness. This is consistent with the
penetration depth of VUV photons in polymeric materifilem 15 to 250 nm, depending on
VUV wavelength and polymer structure.[118] Secondgresind CH peak loss is highly
correlated, suggesting that damage of ester linkagedtseés desorption of aliphatic chains.
Third, the loss rate decreases over time, indicaihiggher material removal rate (etch yield) at
the beginning of irradiation.

72



Photon fluence (1x10 ** cm?)

0 10 20 30 40 50
1.1 1 R 1 R 1 R 1 R 1 R 1
-@— 1736 cm! ester
L 1.0- -8 2920 cm-L CH,
<
< 0.9
% ¢
8 \
-CEG 0.8+ §\+
o
3 \
©
[}
N
©
£ 0.6 .
o
zZ
0.5 T T T T T T T T

0 10 20 30 40 50 60
Exposure time (min)

Figure 6.8 Normalized absorbance of ester C=0 (1736'cand CH asymmetric stretching (2920 &jnfor
different VUV exposure time.

An in situ QCM measurement of lipid A under VUV expiesis shown in Figure 6.9.
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Figure 6.9 In situ QCM measurement of lipid A mass removalamdUV exposure. The slope of the QCM

curve is proportional to the instantaneous etchdyi€he etch yield is higher at the beginning gpesure and
decreases with longer exposure time.
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Mass removal is plotted versus VUV fluence at the darppsition. The slope of the
QCM curve is proportional to the instantaneous etaidyiThe etch yield is higher at the
beginning of exposure and decreases with longer expdisuee This is consistent with FTIR
results (Figure 6.8). Accounting for the 50% surfaceecage of lipid A film, we calculate the
equivalent carbon etch yield under VUV irradiation eTihitial etch yield is ~0.67 C-photon
and it decreases to ~0.15 C-phéteowards the end of exposure.

The residual gas mass spectrum of lipid A is shawkigure 6.10. The spectrum was
taken after 1 min of VUV exposure with a VUV fluence @x10" photons-cii. Except for
subtraction of the background signal, no further sigmatgssing was performed. We observe
several main photolysis products, including (fh/z = 2), HO (m/z = 18), CO (m/z = 28), GO
(m/z = 28, 44). Peak clusters from m/z = 40-100 are seguhlgt about 14 amu intervals. We
attribute these peaks to the cracking pattern ohalledkene with 11, 13, or 15 carbons.[70] The
results from FTIR and in situ mass spectrometry indith& VUV photons cleave the ester
linkages to the penetration depth and generated@ corresponding aliphatic moieties of lipid

A. Generation of Hland HO indicates that hydrogen abstraction and damagegarackbone
also take place.
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Figure 6.10 Residual gas mass spectrum of lipid A after 1 minvbV exposure. The main photolysis
products are K H,0O, CO, CQ, and desorbed aliphatic moieties.

ESI-MS was used to identify the compounds remairdngthe silicon substrate after
VUV exposure. The diphosphoryl lipid A, obtained hydrolysis of Re mutant LPS, was
observed as a mixture with various non-stoichiometrlusstutions and molecular masses, as
shown in Figure 6.2. In order to obtain a clearer teswk performed further ESI-MS
measurements using synthetic monophosphoryl lipidith a well-defined molecular mass and
structure. Negative-ion ESI mass spectra of vacuum-predessl VUV-exposed synthetic lipid
A are shown in Figure 6.11. The ion at m/z = 174®8esponds to the intact, deprotonated lipid
A, [M-H]". As shown in Figure 6.11, the abundance of intpad IlA recovered from the spotted
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film decreases with VUV exposure. The loss rate of Ipits most significant at the beginning
of the exposure, consistent with previous FTIR and Q@&Asurements. ESI is a soft ionization
method that, when operated in the negative ion moae transfer intrinsic negative ions from
liquid phase (chloroform/methanol/water solution) to ghase. Primarily, the molecules with
phosphate groups were detected in the mass range20000Da in our measurements. For 30
and 60 min VUV-exposed samples, solid residuesdbald not be resuspended were observed
on the silicon substrate, indicating that some nslel carbon-rich materials and/or cross-linking
products were formed upon VUV exposure.
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Figure 6.11ESI mass spectra of monophosphoryl lipid A aftgrg@ min vacuum, (b) 10 min VUV, (c) 30
min VUV, and (d) 60 min VUV exposure. All the spectire normalized to the highest intensity peatha
vacuum processed sample. The abundance of inpéttdidecreases after VUV exposure.
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Altogether, the results obtained from FTIR, in situ QUM situ residual gas analysis,
and ESI-MS show that VUV photons cause bulk modificato the penetration depth. 147 nm
VUV mainly attacks the ester linkages and resultslesorption of aliphatic chains. Loss of
phosphate groups and damage of disaccharide backbomedso observed. The abundance of
intact lipid A molecules in the film is greatly redudcafter VUV exposure. The removal and
damage of lipid A molecular structure contribute todleerease of endotoxic activity, as shown
in Figure 6.6b.

6.6 Oxygen and Deuterium Radical-induced Chemical Btglaind Surface
Modification

Radical exposures result in reactions at the surfadpid A films, and thus the bulk
properties are unaffected. Transmission FTIR is a Aoldysis technique, and measurements on
radical-exposed samples (1 mg’ml0pl) show little change of absorption spectra, as shiown
Figure 6.12.
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Figure 6.12 Transmission FTIR spectra of lipid A GI€H; bonds (2800-3025c¢Mh) after (a) O radical, (b) D
radical exposure.

As shown in Figure 6.13, simultaneous VUV and radegbosures indicate that bulk
chemical change is dominated by VUV photolysis. &lthanced bulk material removal is
achieved by simultaneous exposure to radicals and phbfons.
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In situ QCM measurements of lipid A under oxygen cablexposure are shown in Figure
6.14. Mass removal is plotted versus oxygen radiasnite at the sample position. Mass
addition (negative mass removal) is observed withipgSQCM sensors (gold electrode). It can
be attributed to oxygen radical adsorption and oiadadf gold.[161] With lipid A spotted on
QCM sensors, oxygen radical exposure causes massoadidillowed by mass removal. The
estimated surface coverage of spotted lipid A on Q@ksrs is 50%. Under this condition,
oxygen radicals etch away lipid A (mass removal) atgbeb/oxidize the exposed gold surface
(mass addition) at the same time. The mass additterigdigher than the mass removal rate in
the beginning. After oxygen adsorption and gold oxatatre saturated, the net mass change is
mostly due to chemical etching of lipid A. Assumiihgt the etch rate of lipid A is constant and
accounting for the 50% surface coverage of lipid A filne, salculate the lipid A etch yield to be
~0.04 C-oxygeh. This is in reasonable agreement with published d#tagpolyimide) etch
yields.[162]

Measurements of deuterium radical impact on lipid A fihow a mass change within
the uncertainty limit of our QCM setup, which is ab8Bx10* Hz-s'. Using this value as an
upper limit, we estimate a maximum etch yield of20®@ deuteriuni. Hydrogen radical-induced
chemical erosion of amorphous hydrogenated carbon (afiiit$) has been extensively studied
because of the interaction of hydrogen plasmas wathan surfaces in thermonuclear fusion
devices.[163] Utilizing a thermal deuterium beam,t¥ke et al. reported an etch yield of ~0.01
C-deuteriurit at ~300 K.[164] Erradi et al. reported an etch rate-6f:H films by hydrogen
plasma-generated atomic hydrogen (1.9 hydrogef-sinthat was roughly 0.001 nnT-gt 305
K.[165] The calculated etch yield is ~0.05 C-hydnoyy based on the estimated mass density of
a-C:H films ~1.9 g-ci.[166] Our estimated maximum etch yield is in reabbmagreement
with literature.

The radical-induced etch vyield is relatively low qmuemed to measurements made with
147 nm VUV photons (the initial etch yield is ~0.€Zphotoff, and it decreases to ~0.15
C-photort towards the end of exposure); however, radical-inducethial etching is expected
to modify the surface of lipid A films. ToF-SIMS waseagsto probe the film near-surface region
(2-2 nm). Figure 6.15 shows the partial negative ioacsp of unprocessed lipid A film
(Salmonella minnesot@e 595). Important fragments from intact lipid A molesuare observed,
including phosphoryl groups: BOQm/z = 62.9), P@ (m/z = 78.9), HPO, (m/z = 96.9),
pyrophosphate groups: HBs (m/z = 158.9), HP,O; (m/z = 176.9), and fatty acid moieties:
CioH2302 (Mm/z = 199.1), @H»70, (m/z = 227.2). The peak assignment of phosphorylfatty
acid fragments follows that of Kylian et al.[74] Pyragphate groups originate from the non-
stoichiometric phosphorylethanolamine (pEtN) substtutiFigure 6.1a) and are assigned
according to Seid et al. and Jones et al.[167, 188s et al. have also suggested that the
presence of pyrophosphate in diphosphorylated lipid A general phenomenon among Gram-
negative bacteria.
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Figure 6.15Partial negative ion ToF-SIMS spectra of unprocgdged A film. Note that the counts scale is
different from m/z = 50-100 to m/z = 150-250.

Samples processed with VUV photons, oxygen and dauoteradicals were also
analyzed by ToF-SIMS. Figure 6.16 shows the compikesllts comparing the change of
phosphates, pyrophosphates, and fatty acids, whreh iraportant factors governing the
endotoxic activity of lipid A. As shown in the FTI§pectra (Figure 6.7), VUV exposure results
in removal of CH/CHs, esters, and phosphate groups from bulk material, whialso observed
from surface sensitive SIMS measurements. Phosphatephmgphates, and fatty acid peaks all
decrease after 60 min of VUV exposures. In spite of loeh gield, oxygen and deuterium
radical-exposed samples show significant modificatanlipid A film surface. Phosphates,
pyrophosphates, and fatty acid groups all decreasa textent even lower than that of VUV-
processed samples. Specifically, oxygen radical kitdee aliphatic moieties, which leaves little
intact fatty acids on the film surface. ToF-SIMS measem@s strongly support the results
obtained from the human whole blood assay, in whieheintodoxic activity of lipid A is greatly
reduced after radical exposures (Figure 6.6¢ and d).
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Figure 6.16 The change of characteristic ToF-SIMS peaks opfesphates, (b) pyrophosphates, and (c) fatty
acids with various exposure protocols. The exposume for each condition was 60 min, resulting e t
species fluence of 4.9x¥0photons-cii, 2.7x13" oxygen-crif, and 1.7x18 deuterium-cii. The results
indicate surface modification caused by VUV photand radicals.

6.7 Discussion

We have shown that 147 nm VUV photons, oxygen agj@nd deuterium radicals can
cause modification and mass removal of lipid A, whicimtribute to the decrease of endotoxic
activity. The underlying mechanism for each specieshm understood from extensive studies
on modification and erosion/etching of polymers andld-@aterials.

As mentioned earlier, VUV photons can penetrate théobulk of polymer film, up to a
few hundred nanometers, depending on the absorptiefii@ent of the polymer at specific
wavelengths.[118] Yuan et al. reported that VUV expeson poly(methyl methacrylate)
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(PMMA) results in mainly Norrish type | ester side grquipotolysis.[169] Volatile products,
such as CO, C9 formaldehyde, methyl formate, and methane were da=tgti5, 116] It was
also recognized in the semiconductor industry thasmpéagenerated VUV causes severe
degradation of 193 nm photoresist, a methacrylate-baslgdher. Loss of carbonyl groups, such
as ester and lactone, was observed.[50, 80, 81] Dawwfeester linkages then leads to desorption
of pendant groups.[170] This is because the esterlartdne species have higher photon
absorption cross sections than alkane and alkerreiNWV region.[152-155] VUV penetration
in methacrylate-based photoresist has been simutatddverified by experiments.[119] Those
results are consistent with what we have observeigiohA photolysis. For 147 nm photons, we
estimate a penetration depth of ~200 nm in lipid &sdad on the loss fraction of @ldnd ester
FTIR absorption peaks. Damage of ester linkages comespaell with the loss of aliphatic
moieties, which were detected as photolysis prodddts. higher etch yield at the beginning of
the exposure can be explained by photons rapidbviig the ester linkages in the near-surface
region of lipid A films. Desorption of aliphatic groupfoav photons to further penetrate and
release materials in the bulk, since the remaininglpq@-C, C-H, and amides) have a lower
absorption cross section at 147 nm.[152-155, 171] ddweasing etch yield is the result that
fewer ester groups are available and VUV photons amaatkly absorbed by these remaining
bonds when photons penetrate deeper into the filmtoBises-induced damage of lipid A is
similar to that of methacrylate-based polymers. It sstg) the similarity of ester-containing
materials under VUV exposure, where damage of esieges and removal of pendant groups
are the main photolysis mechanisms.

In contrast, radical reaction takes place at the garface of lipid A films, so the bulk
properties are unaffected. Polymer degradation upogesxyadical exposure is initiated by the
hydrogen abstraction pathway. Abstraction of hydrogembygen radicals forms radical sites
(R’) and hydroxyl radicals (Ofi These radical sites (Rcan react with subsequent oxygen
radicals yielding alkoxy radicals (R which are the precursors of polymer chain scissioe. Th
radical sites (R can also react with ground state molecular oxygefotm peroxy radicals
(ROO), when the relative density of atomic oxygen is loWhese peroxy radicals can
subsequently form hydroperoxides (ROOH) through hydrogesfeafrom the same or nearby
chain and create new alkyl radical sites’ YR propagate the oxidation reaction. Hydroperoxides
can also be reorganized into more stable functioaslisuch as ketones, aldehydes, and vinyl
groups. These reactions lead to polymer chain scisaimh mass removal through volatile
products, such as CO and £[@72-175] The nature of oxygen-containing functionaugps on
the surface has been probed with x-ray photoelectratregeopy and SIMS, which indicate the
surface is degraded and oxidized.[162, 174] The ettEhis dependent on chemical structure of
polymers and surface temperature.[162, 176] The lipiet¢h yield measured in our setup is
~0.04 C-oxygeh, which is in reasonable agreement with publishegtét@ (polyimide) etch
yields.[162] The intact fatty acid moieties are asinfully diminished from the film surface after
atomic oxygen exposure (Figure 6.16c), suggesting dkggen radicals readily attack and
damage these aliphatic chains.

On the other hand, hydrogen radical-induced chemical@r@f a-C:H films can be used
to understand the modification and mass removal af WpiVietzke et al. reported that the main
reaction product of a-C:H films upon hydrogen radical expe was CH radicals. Higher
hydrocarbons such as,ld; and GHyx were also observed. In the case of atomic deuterium,
exposures resulted in isotope exchange and predomfoamition of deuterocarbons and
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HD.[177, 178] The important reactions include abstoacof bonded hydrogen from a’s@H,
group, hydrogenation of sp and®smsaturated carbon atoms td &gbridization, and chemical
erosion through volatile products. The hydrogen abstragroceeds directly between a bonded
hydrogen atom and the incoming gas phase hydrogeneoterium via an Eley-Rideal
mechanism. The radical intermediate, produced duridgdgen abstraction, can recombine with
another hydrogen or deuterium, or de-excite by releagimgarby Chl terminal group at an
elevated temperature.[163] It was also proposed thatrecombination energy could be
transferred to an adjacent C-C bond, resulting in ciawd this bond. The reaction proceeds,
forming CH/CDs3 or other hydrocarbons/deuterocarbons, and leads toicilearosion.[178]
The etch yield is temperature dependent and goesghra maximum around 650-750 K.[165,
179-181] Besides erosion, a modified layer of a thicknes.4 nm at the film surface was
observed by ellipsometry.[165, 182] We estimate aimam etch yield of lipid A to be ~0.02
C-deuteriurit, which is in reasonable agreement with the measateld yield reported at a
temperature ~300 K.[164, 165]

F. Rossi and colleagues studied the effect of a jprassure microwave discharge
afterglow on LPS and lipid A with different gas mixts@8, 72, 74, 75] They found that the
only parameter corresponding to the change of endo@stivity was the presence of atomic
hydrogen. They suggested that VUV emitted by hydregmeriaining plasmas played a key role
in deactivation. In this study, we have shown tiattonly VUV-induced photolysis is important,
but also radical-induced chemical etching and modificaare crucial. It is evident that VUV
photons cause modification and material removal fromuik of lipid A films, while the
radical effect is mainly at the film surface. SIMS measwmets suggest that the determining
factors of lipid A activity, including the intact ahatic chains, the phosphate and pyrophosphate
groups, are all decreased after processing. Radicals acuigher degree of surface modification
compared to VUV photons, even though the overah gield is much lower. This observation is
consistent with the surface-sensitive endotoxic dgti@ssay, showing that radicals have better
efficacy (as compared to VUV photons) in reducing trexet@n of IL-13. The partial structure
of lipid A left after O/D radical beam exposures is miets active compared to intact lipid A
structure. The effects of other plasma species, sueheargetic ions, have to be further pursued
in order to fully understand plasma and biomoleculerattions.

6.8 Conclusion

Results from vacuum beam experiments demonstrate thertamt aspects of lipid A
deactivation under hydrogen and oxygen plasma dondit focusing on the effects of VUV
photons, oxygen and deuterium radicals. The samp#dysia focuses on the change of
characteristic factors governing endotoxic activitye taliphatic/fatty acid moieties and
phosphoryl groups.

VUV-induced photolysis certainly plays an importantetoVUV photons cause bulk
modification of exposed film to the penetration deptB0G-nm). The most prominent effect is
damaging ester linkages and thus leading to desarpfialiphatic chains. Loss of phosphate
groups and glucosamine backbone is also observedauraance of intact lipid A molecules in
the film is greatly reduced after VUV exposure. By casty radicals cause chemical etching and
modification at the surface of lipid A films. Althoughet etch yield is lower than that of VUV-
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induced photolysis, SIMS analysis reveals that phate moieties and intact aliphatic chains are
greatly reduced at the film surface. Human whole blassay used in this study shows that
radical exposures render a greater degree of bioactivityctien as compared with VUV
photons. This is consistent with the SIMS measureésnghnowing that radicals cause a higher
degree of surface modification.

In conclusion, plasma technology is clearly a prongsiption for “soft” surface
sterilization and deactivation, and the results preskhere show that both VUV photons and
radicals can deactivate endotoxins with minimal s@fdamage. However, plasma technology
can access a very large range of conditions, inetudperating at atmospheric pressure. While
clearly promising, the field is still very young, afutther studies of plasma interaction with
biomolecules are needed to better anchor applicatv@hsscientific principles.
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Chapter 7

Conclusion

By using a high vacuum beam system, this work stuttie fundamental interactions of
plasma-generated species and materials for two impogpptications, manufacturing of
semiconductor devices and surface deactivation of wituleiomolecules. This chapter
summarizes both studies and provides outlooks for fupinesuits.

7.1 Concluding Remarks: Plasma-induced Surface Rougge{i193 nm
Photoresist

The first part of this dissertation demonstrates the affetion bombardment, vacuum
ultraviolet (VUV) irradiation, electron exposure, and mmade substrate heating in 193 nm
photoresist (PR) surface roughening.

150 eV Ar ion bombardment results in physical sputteand formation of a carbon-rich
layer at the PR surface. The thickness of this surfaes la about 2 nm. Because of the similar
film density and formation mechanism as tetrahedral ahoap carbon (ta-C) films grown by
depositing carbon ions or Ar ion plating at comparabte energy, this ion-modified layer is
expected to bear an intrinsic compressive stress, rpagielw GPa.

In contrast, VUV irradiation modifies the PR film upthe penetration depth of photons,
estimated to be ~100 nm. Oxygen-containing moigtiesh as esters and lactones, are primarily
damaged due to their higher photon absorption crat®se compared to C-C and C-H bonds in
the VUV region of interest in this study. The damagester linkages then leads to desorption of
pendant groups. 2-methyl-2-adamantyl methacrylate (MAMIA9 leaving group of 193 nm PR,
is especially sensitive to VUV exposure. Due torenteal methyl group, the formation of a C=C
double bond after cleavage of the tertiary carbon adgmaster of MAMA is stable. An
increased adamantane vapor pressure enhances desamptiotietachment of the adamantyl
leaving group at higher substrate temperatures. Thevioewoh effects of polymer main chain
scissioning, loss of bulky adamantyl group, and detdgendant groups acting as plasticizers in
the film lead to a decreased polymer glass transimperature (J) and elastic modulus {E

1 keV electrons can also render bulk modification ofosgo PR, up to ~100 nm.
Electron-induced damage is dependent on electron #ueRapid depletion of oxygen-
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containing bonds leads to bulk scissioning of exdoB& and decreases itg @and E (< 1
mC-cm?). On the other hand, electron-induced cross-linking sstartdominate with a higher
electron fluence (> 4 mém?), where gradual abstraction of hydrogen occurs. Tki®ases the
Es of PR.

In spite of the individual effect of ions, VUV photonand electrons, enhanced PR
surface roughening is only observed when a simultanexu@sure provides a combination of an
ion-modified surface layer on top of a scissioned/sottdmak layer. This study applies a bi-
layer wrinkling mechanism to qualitatively interpreetbbserved phenomena. The ion-modified
layer undergoes both in-plane and out-of-plane displace to relax its compressive stress. The
“wrinkles” are magnified when thesBf the bottom layer is decreased by either VUV pheton
low fluence electrons.

In summary, this dissertation shows that PR structiame couple to plasma etch
processes and strongly alter the post-etch morphoMdyle critical dimension control is a
major challenge for continuous miniaturizing of semiagtdr devices, close collaboration
between the lithography and plasma etch commusitf critical importance. It is demonstrated
in the present study that the composition and siracof PRs are crucial for future design of
organic mask materials and plasma processes. Althihigwork chose to study the roughening
mechanism of current 193 nm PR, it is also highlgvant to future generation of nanoscale
patterning, such as extreme ultraviolet (EUV) lithogsaphd directed self-assembly (DSA), in
which similar polymers are used.[6, 183] Lastly, duregjual plasma etch processes where
complex plasma chemistries are involved, additionadh@ning mechanisms may be in play and
require further studies.

7.2 Concluding Remarks: Plasma-induced Lipid A Deatibra

The second part of this dissertation discusses thetefté VUV photons and radicals in
lipid A deactivation under relevant oxygen and hyemglasma conditions. Using a surface-
sensitive human whole blood-based assay, the presay shows that VUV photons, oxygen
and deuterium radicals can cause deactivation af Agiilm through different mechanisms.

Similar to previous 193 nm PR studies, VUV photong able to induce bulk
modification of lipid A film up to the penetration dépof photons, ~200 nm. VUV photons
primarily cleave ester linkages and lead to desorpdibaliphatic chains. Loss of phosphate
groups and glucosamine backbone is also observedgdiests that damage of ester linkages and
removal of pendant groups are the main VUV-induced @iyt mechanisms for ester-
containing materials.

In contrast, radicals react at the lipid A film sudaéorm volatile products, and lead to
slow chemical etching. The etch yield of radicalooime order of magnitude lower than that
caused by VUV-induced photolysis. In spite of itsvletch yield, radical exposure strongly
modifies lipid A film surface. This is supported by sedary ion mass spectrometry, showing
that the phosphate and fatty acid groups are greadlyced compared to unprocessed and VUV-
processed samples. This finding stresses the importaihcadicals in lipid A deactivation
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resulting from oxygen and hydrogen-containing plasmasich was neglected in previous
literature.[38, 75]

Besides VUV and radicals, surfaces immersed in low-presplasmas also receive
bombardment of ions bearing plasma potential, abo&\Vl5n the absence of external bias. The
role of low energy ions and their synergy with photand radicals have to be further established.
The current endotoxic activity assay is limited ba@cterizing the surface of the film due to low
solubility of lipid A in human whole blood. Furthermong-1 secretion is not specific to the
transmembrane Toll-like receptor 4 (TLR-4) pathway. Fongda, NALP3 inflammasome, one
of the intracellular NOD-like receptors (NLRs), can alsaluce IL-B secretion upon
activation.[160, 184, 185] NALP3 can be activatgdabwide variety of stimuli, including viral
DNAs, bacterial toxins, and nonmicrobial “danger” oafgage” signals, such as monosodium
urate crystals (MSU), calcium pyrophosphate dihydrabeminum salts, and reactive oxygen
species (ROS), to name a few. It is proposed that R@ommon NALP3 activator, which are
either directly sensed by NALP3 or indirectly sendedugh cytoplasmic proteins that modulate
the inflammasome activity.[184] It is thus reasonataepostulate that fragments or reaction
products of lipid A generated upon plasma species @xpomight stimulate NALP3 pathway
and increase overall ILBlsecretion. An increased ILB1evel has been observed with short term
VUV exposure (Figure 6.6b) and preliminary results frowfirect air dielectric-barrier discharge
(DBD) treatment of lipid A. One has to pay extra atemin data interpretation because not only
the interplay of immune response/signaling is delidaié also immunology is an actively
evolving field. More sophisticated analytical assays required to elaborate on the involved
molecular/cellular pathways and the generated reaptinducts.

In summary, this work contributes to the fundamentalderstanding of plasma
interaction with biomolecules. Through different meckars, VUV photons and radicals are
shown to cause structural change of lipid A and #dtes its biological functions. The principle
of this study is also relevant to the broader scoppglagma applications on biological targets,
including treatment for skin diseases, cancers, ar@hghwounds.[43-49]
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Appendix A

NTI Low Energy lon Gun Test

During low temperature plasma processes, positive amasusually among the species
reaching the exposed surface. In a low-pressure plasmigr conditions in which the sheaths
are collisionless or nearly so, the ions impacting sedare accelerated to the plasma potential,
~15 eV, even in the absence of any external bideesurface. Although it might be expected
that ion kinetic energy impacting surfaces exposedatimospheric pressure plasmas is
sufficiently low to not be of importance, recent resgligygest this may not be correct. In a
recent publication modeling atmospheric pressure @esumface interactions, ions up to 60 eV
were predicted to be delivered to the liquid interfat@ wet wound by a direct air dielectric-
barrier discharge (DBD).[186] This surprisingly high ikinetic energy at surfaces exposed to
atmospheric pressure plasmas suggests that ion ereffggts cannot be neglected at
atmospheric pressure. It is thus of potential prakciitarest to study low energy ion effect and
ion synergies with other species to better undergtéagina interaction with biological targets.

The Kaufman-type ion source used in previous photoresisly is not capable of
delivering ions to surfaces with kinetic energy beld00 eV. Thus, a low energy ion source
(Model 1402, Nonsequitur Technologies, Bend, OR, U#A} installed to test its capability.
The ion gun was mounted on flange 6 and the ion cuatthe sample position was measured
with a home-built Faraday cup (aperture size ~19.8>ctf’) mounted on flange 10 (Figure 2.1).
The gun had a working distance ~3.2 cm to the sammpitace. Ar gas was fed into the ion
source region by a leak valve. A typical gas pressti@®onTorr was maintained in the source
region. Electrons emitted from the energized filamentegate Ar ions by electron impact
ionization. The emission voltage was preset byniamufacturer to 100 V. lons were extracted
from the source region by a negatively biased extna@iectrode. These ions were focused onto
a beam shaping/differential focus aperture by the aweatelens. The focus lens served as the
final step to deliver the ion beam onto the samplte Beam energy, extractor voltage, condenser
voltage, and focus voltage could be independentlgtrotbed. For low energy ion beam
applications, the focus lens was operated in an e@&n mode (negative voltage). A
deflection octupole could also be used to rasteichébeam. A 100 L:5turbo pump (TV 141
Navigator, Varian, Inc., now Agilent Technologies,nga Clara, CA, USA) was used to
differentially pump the condenser section.
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Table A.1lon gun settings and performance.
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lon Measured
Beam chamber Extractor Condenser current at lon flux Measu_red
Focus (V) the sample . 2> 1 etch yield
Energy (eV) pressure V) V) . (ions-cm*:s”) )
(mTor) position (Au-ion™)
(nA)
300 30 1100 110 -390 14.2 4.5x%0 1.38
200 30 1100 110 -360 13.4 4.3X%0 0.88
150 30 1100 92 -300 10.2 3.2x%0 0.73
100 30 1100 97 -200 5.6 1.8x¥0 0.26
75 30 1100 97 -250 6.3 2.0x¥0 0.12
60 20/30 1100/1100 97/97 -200/-200 1.7/3.1 5.6%M100x13°  0.14/0.22
50 20/30 1100/1100 90/90 -200/-200 0.8/1.7 2.5%806x10%> 0.17/0.26
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Figure A.1 QCM measurements of gold sputtering under Ar iomibardment with different ion energies (a)
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The tests were conducted with pristine quartz crystatabalance (QCM) sensors (gold
electrode) to measure the ion sputtering yield of .gdlde optimized operation parameters,
measured ion beam current and etch yield for each tomdire summarized in Table A.1. The
in situ QCM data are shown in Figure A.1. The meadusputtering yields are plotted with
available literature values and shown in Figure AZ/F189] The measurements with and
without beam raster are fairly similar, suggesting thation beam spot size was larger than the
QCM sensor area and the ion current was fairly uniform.

Compared to the Kaufman-type ion source which can efrelw ion flux of ~2.8x1
ions-cn¥-s (¥10%) at the sample position, the ion flux from thel lgun is much lower. At a
300 eV beam energy, the measured ion flux was ~838xtns-cnf-s*. The measured ion
current decreases with decreasing beam energy, podsiblto the space charge repulsion in the
beam. At 50 eV ion beam energy, the ion flux was tothan 1x1&® ions-cn?-s*. Such a low
ion current raises the issue that an impractically pigga exposure might be required to match
the total ion fluence with that in a plasma expostirgs may limit the value of the device.

The other issue is the deviation of apparent spugieyields from literature values. As
shown in Figure A.2, the measured sputtering yialgiee with literature values well when the
ion energy is higher than about 75 eV. However, foab0 60 eV ions, the apparent measured
sputtering yields are much higher than literature eml@®ne possible reason for this observation
is charge exchange between neutral Ar atoms and&riiothe condenser section (differential
pumping region) of the gun. Charge exchange generaseéatral atoms in the beam. The
resulting fast neutrals would have the same speeduttering yield as Ar ions but would not
be measured in the Faraday cup. The QCM measuresdhalaonass removal while the Faraday
cup only measures the ion current. Thus, a calculafgzhrent sputtering yield based on
measured ion current would be significantly higher & thass removal is caused by a mixed
beam of ions and fast neutrals. Measurements cordiudte a lower source region pressure, 20
mTorr, shows that the calculated apparent sputteliglg yecreases compared to the 30 mTorr
cases for 50 and 60 eV ions. A lower pressure impliegrf@harge exchange collisions. This
result therefore suggests that charge exchange islikely the main mechanism of apparent
sputtering yield deviation for low energy ions (< 80 .eCurrently, a new design of differential
pumping is tested by NTI.

In summary, the tested ion gun is fully functionathwion energies higher than 75 eV.
For ion energy below about 60 eV, which is mostlevant to atmospheric pressure plasma
applications on biological targets, the gun produadseam of mixed ions and fast neutrals.
Assuming the fast neutrals and ions have the samttespg behavior, studies can still be
conducted with NTI ion gun. One has to be mindfuiotal ion fluence/exposure time in order to
directly compare results obtained from plasma exposures.
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Appendix B
Lipid A Deactivation by Indirect Air Dielectric
Barrier Discharge and UV/ozone cleaner

An atmospheric pressure, indirect air dielectric barriecctthrge (DBD), also called
surface micro-discharge (SMD), has been used in the &tabeto study gas phase and liquid
phase (when present) chemistry and in some casesrethdting surface and aqueous
antimicrobial effects.[190-193] It was found that whiée input power was lower than ~0.1
W-cmi?, the gas phase ozone density increased monotgnioadl concentration over 1000 ppm
in a confined volume. Besides ozone, the presencargdus other species, including® and
N.Os, were also predicted by simulation and characterizetrdnsmission Fourier transform
infrared (FTIR) spectroscopy. In contrast, when theiiqmwer was higher than ~0.1 W ém
the ozone density started to decrease after a few tesgconds. This was provisionally
attributed to ozone quenching reactions with nitrogeides that were created by vibrationally
excited nitrogen molecules reacting with O atoms atigher power density. Under these
conditions, the density of NOncreased as well as HN@L93] In other words, the low-power
mode is ozone-rich and the high-power mode is Nh.

power
supply

copper electrode ~

glass platty‘

SS mesh
electrode

Teflon b}ock

s
|

Spotted lipid A on silicon substrate

Figure B.1 Schematic of the indirect air DBD device. Adapteahf reference [190].
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Preliminary experiments were carried out to study lifidieactivation by indirect air
DBD in a confined reactor. The schematic of the sgssetup is shown in Figure B.1. More
details of the device can be found in references [1A9]1], and [193]. The distance between
samples and the stainless steel mesh was aboutnd0 fiwo sets of DBD conditions were
chosen: low-power mode (0.05 W-érand high-power mode (0.25 W-&n Samples were also
processed with a commercial UV/ozone cleaning systeiiOCS®, Lansdale, PA, USA)
operated under ambient condition. The ozone was gedeby a low-pressure quartz mercury
vapor lamp in the UV/ozone cleaner. Processed sam(plés mg-mt, 10 ul) were then
characterized by ex situ FTIR and human whole blestst

Figure B.2 shows the FTIR spectra (BEH; region) of samples processed with DBD
in both low-power and high-power mode along with saspteated by the UV/ozone cleaner.
While both DBD modes result in minimal change of pesesl samples, the UV/ozone cleaner
shows a high level of mass removal.

(a) DBD low-power (b) DBD high-power

0.008 0.008

0.006+ Increasing 0.006 Increasing
@ . Time @ Time
8 : )
g 0.004 g 0.004
= c
@ @
S S
[=} [=}
8 8
& 0.002 & 0.002

0.000 L : : 0.000 racaise?_, : :

2800 2850 2900 2950 3000 2800 2850 2900 2950 3000
Wavenumber (cm ™) Wavenumber (cm ™)

(c) UV/ozone cleaner
0.008

oo06d | e Unprocessed

&~ Increasing 2 min
i1 Time )
0.004 - Py w5 min

— 10 min

Absorbance (abs)

0.002

0.000 2 T T T T T T Y
2800 2850 2900 2950 3000

Wavenumber (cm ™)
Figure B.2 Transmission FTIR spectra of lipid A Gi&H; bonds (2800-3025ch) after various exposure

protocols: (a) DBD low-power, (b) DBD high-power) (dV/ozone cleaner. Each condition is an average of
three independent measurements.
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Figure B.3 shows the endotoxic activity of processgdd IA samples, which was
monitored by measuring the secreted [Lith human whole blood from 1 healthy donor. For
most conditions, the suppression of Ig-5 not observed. The results obtained from samples
processed with the UV/ozone cleaner are especiallyisump. The IL-B secretion change with
different exposure times does not correlate with thergbdedramatic mass reductions observed
with FTIR in Figure B.2.

2000
1600 ; l
£ 1200-|/
punfl %
Q_ i .
o
@ 800+
QO
—
4
- -8 DBD low-power
400+ :
=@— DBD high-power
—&— UV/ozone cleaner
0 T T T T T T T T T T T
0 2 4 6 8 10 12

Exposure time (min)

Figure B.3 Endotoxic activity monitored by secreted I1B-lh human whole blood assay. Measurements were
conducted with blood from 1 healthy donor. The ebar for each data point stands for the standavihton
from 3 independent samples.

We note that the experimental conditions here (&g.operation pressure, the reactive
species involved, the flux of reactive species) arg défferent from the low pressure studies
reported in Chapter 6. While these preliminary ressuiggest that indirect DBD may not be a
promising option for surface deactivation of lipid AetblVV/ozone cleaner results are surprising
and counter-intuitive. The low-pressure plasma/beaultesuggest that removal and alteration
of lipid A will generally reduce the immune responbat the UV/ozone exposure removes a
significant fraction of the film without altering the Egrent endotoxic activity of the remaining
film. As discussed in Chapter 6 and 7, the immuneoresp is complex and not fully understood.
It consists of various coupled, intertwined pathw&yse possibility is that simple mass removal
of lipid A may not be sufficient to reduce its endatoactivity because the remaining residues or
byproducts activate other pathways, and thus theathveflammation response is not mitigated.
This also highlights the challenge of deactivatingilent biomolecules in a clinical setting.
Further studies on molecular/cellular level mechanianesrequired in order to further pursuit
atmospheric pressure plasma applications on biolotscgéts.
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Appendix C
Anti-inflammatory Effects of Indirect Air
Dielectric Barrier Discharge-treated Water

Some published studies have shown that oxidizeddemsity lipoproteins (OxLDL) and
“ozonized” amino acids present anti-inflammatory effébtest suppress generation of cytokines
from cells.[194, 195] Huth et al. prepared ozonized im&dth gaseous ozone generated in an
ozone generator. Upon stimulation by tumor necrositofa@NF), cells pre-incubated with
ozonized media showed a suppressed activation ofctiptisn factor NFkB and secretion of
Interleukin-38 (IL-1B). The authors showed that ozonized amino acids, aschysteine and
tryptophan, are important components responsible foantienflammatory effects.[195]

When operated at low power (~0.1 W:8mindirect air dielectric barrier discharge (DBD)
can be used to generate mainly ozone. Aqueous cadutiicated by DBD operated at low power
can result in high concentration of aqueous ozong][lt9s suspected that DBD-treated water
may lead to a similar anti-inflammatory effect as regpatty Huth et al.[195]

power
supply

copper electrode 8

glass plale/‘

SS mesh =

electrode / \

glass container distilled water or PBS

Teflon block
L
A

y
[

E|]|

Figure C.1 Schematic of the indirect air DBD device.[190]
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Figure C.1 shows the schematic of the setup. 5 mho§phate-buffered saline solution
(PBS, catalog number: 10010, Life Technologies, Grastehd, NY, USA) or RPMI medium
1640 (catalog number: 21870, Life Technologies) wasegaldn a small petri dish and treated
with DBD for 10 min. The solution was mixed with freelaman whole blood shortly after
generation. The DBD operation power was fixed at 0.06ri%. The gap between the liquid
surface and the stainless steel mesh was about 5Themprotocol of human whole blood test is
shown in Figure C.2. 500 pl of fresh human whole blaad pre-incubated with 500 pl DBD-
treated solution for 45 min. 5 pl of lipopolysaccharftlBS) solution (1 pg-rit) was then used
to stimulate leukocytes in whole blood. After anotB@rh incubation, the supernatants were
collected after centrifugation for 10 min at 400xg atwtex] at -20 °C until IL-f contents were
determined by a commercial enzyme-linked immunosorbaesgay (ELISA) from Life
Technologies.

incubate

for 45 min
3 N 3 3 Collect blood plasma
IL-1B8 measurements

500 pl add 500 yl DBD-treated add 5 yl LPS incubate
whole blood solution, mixing mixing for 22 hr

Figure C.2 The protocol of air DBD-treated solution tests.

Table C.1Experimental conditions used in this study. Founglas were prepared for each condition. Three
were for human whole blood tests and one was fbriadility determination by trypan blue exclusion

Sample condition |  Liquid Medium DBD't(;eoagej)Water LPS (5 pl, 1 pg-mf)
1 PBS ] ]
2 PBS i +
3 PBS + ]
4 PBS + +
5 RPMI i i
6 RPMI i +
7 RPMI + i
8 RPMI + +
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Experimental conditions are tabulated in Table C.gufe C.3 shows the ILfL
expression resulting from various treatments. Bloodwability was monitored by trypan blue
exclusion with a hemacytometer. No obvious cellthl@zas observed after incubation.

(a) PBS (b) RPMI
300 300
| Il PBs | Il RPMI

207 W DBD-treated PBS 2507 B DBD-treated RPMI
. 200 . 200
g g
3 150 g 1504
s s
2 2
= 1004 = 100+
= =

50 50

0+ 0 :
w/o LPS w/ LPS w/o LPS w/ LPS

Figure C.3 Endotoxic activity monitored by secreted IB-in human whole blood assay. The liquid media
were (a) PBS and (b) RPMI. Measurements were cdadweith blood from 1 healthy donor. The error faar
each condition stands for the standard deviatiomf8 independent samples.

Pristine PBS and RPMI without LPS do not stimulatelffLsecretion. Without stimuli

LPS, DBD-treated PBS and RPMI also show minimal mfizatory effects. On the other hand,
the presence of LPS induces IB-&xpression through the Toll-like receptor 4 (TLR-4) pathwa
For blood pre-incubated with DBD-treated PBS, the fLebncentration is suppressed to about
75% of that pre-incubated with untreated PBS. The resultbe attributed to aqueous ozone
oxidizing amino acids in blood serum. These modifeuno acid molecules then interact with
cellular signaling pathways and inhibit the secretidnL-1£.[195] On the other hand, DBD-
treated RPMI shows no clear anti-inflammatory effect. d¥served that the color of RPMI
faded after DBD treatment. It is suspected that agueaone is consumed by reacting with
phenol red (pH indicator in RPMI) and thus DBD-treateBMR has no effect in ILf4
generation. Future experiments should verify this daéion by using RPMI without phenol red.

While disinfection effects of plasma or DBD-treated dohg have been demonstrated
previously, the possible therapeutic effects of dispiactivated water suggest a new direction
for exciting applications. However, these results aedirpinary and require further studies. New
assays have to be applied to identify the detaiédition mechanisms and anti-inflammatory
products generated by agueous ozone or other discharmggated species. In addition, more
recent work in the laboratory has demonstrated the ritapce of mass transfer (i.e. gas-liquid
mixing) to ensure proper transfer of gas phase ozormesp@to the liquid.[193] One has to be
mindful of experimental procedures to ensure the ctarsiy and reproducibility of results.
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